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Abstract
Purpose: This project characterized eye movements of individuals with aphasia and
age-matched participants during reading and scene viewing.

Methods: Individuals with aphasia (N=24) and age-matched controls participants
(N=24) completed three eye tracking studies. Study 1 examined task-related changes in
eye movements for scene search, scene memorization, text-reading, and pseudoreading. Ex-Gaussian, analysis of variance, and correlational analyses were used to
compare differences in eye movements across tasks and participant groups. Study 2
examined how oculomotor and linguistic processing influence eye movements for textreading and pseudo-reading. In addition to the statistical analyses used in Study 1, four
case studies were carried out in Study 2. Three persons with phonological-deep alexia
and one with surface alexia were separately compared to age-matched controls. Study 3
compared several eye tracking measures during scene memorization and scene search in
persons with aphasia and their normal counterparts.

Results: Study 1 showed similar eye movement patterns in the participant groups across
tasks. In contrast, the group analyses in Study 2 revealed mixed results across groups
and tasks. The case analyses included in Study 2 highlighted individual differences in
eye movements between persons with phonological-deep alexia and age-matched
controls, whereas eye movements in the individual with surface alexia was similar to
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the control group. Study 3 showed that eye movement patterns during scene perception
are similar in individuals with aphasia and to age-matched controls.

Conclusions: The consistent pattern of eye movements across the two study groups
suggests either intact neural mechanisms that support eye movement control in persons
with aphasia or that the eye movement measures used here lacked sensitivity to detect
group differences. Differential patterns of eye movements within and across alexia
subtypes suggest underlying neurological damage is contributing to eye movement
patterns.
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Chapter 1
General Introduction
Aphasia is an acquired communication disorder caused by brain damage,
characterized by an impairment of language modalities including speaking, listening,
reading and writing (Darley, 1982). In the United States, approximately one million
individuals have aphasia, and more than 100,000 Americans acquire aphasia each year
(National Aphasia Association, 2014). Although by definition a diagnosis of aphasia
excludes general sensory and intellectual deficits (Chapey, 2001), aphasia is often
accompanied by many sensory-motor problems, such as apraxia of speech, visual
processing disorders (Dong et al., 2013; Ciuffreda et al., 2007; Sand et al., 2013; Rowe,
2010; Rowe et al., 2011; Rowe, 2013; Bandur and Shewan, 2001, Hallowell, 2008; Fisk
et al., 2002; Lincoln, 1991; Lubinski et al., 1997; Myers and Brookshire, 1996; Wolter
and Preda, 2006), or cognitive deficits (Seniów et al., 2009; Murray, 2012). The
prevalence of visual disorders in individuals with aphasia is currently unknown, likely
due to under referral or patients’ difficulty communicating their symptoms, but studies
of visual dysfunction in the general stroke population provide a glimpse of the
prevalence we would see in the population of individuals with aphasia. In a study of 799
stroke patients referred for known or suspected visual problems, nearly 25%
demonstrated some type of visual dysfunction in addition to aphasia (Rowe, 2011). As
part of a larger study, Rowe and colleagues (2013) interviewed five stroke patients,
which revealed diagnoses of both aphasia and visual problems due to the stroke in all
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five patients. Visual disordersmay compound the impact of stroke on daily life,
particularly individuals with aphasia who by definition have linguistic deficits, and may
have co-occurring cognitive deficits. Most tasks of daily living that involve visual skills,
such as reading, scene recognition, and visual attention and search, fall under the
general category of visual-cognition. Visual cognition requires both cognitive-linguistic
and sensory-motor processes (Kosslyn, 1995, Jeannerod & Jacob, 2005), yet the impact
of these processes on visual-cognitive tasks is poorly understood in individuals with
aphasia.
Visual processing generally refers to the processing of information presented in
pictorial, gestural, and/or written forms (Bandur & Shewan, 2001). Visual processing
deficits in individuals with aphasia are commonly considered in relation to visual
perception and reading comprehension. Visual deficits may range from poor visual
acuity, field deficits, and eye movement disorders (Rowe et al., 2011). These deficits
can negatively impact tasks that rely on visual attention, scanning, and tracking. In
cases of severe impairment, an individual with aphasia may experience difficulty with
visual recognition; a task such as matching objects, drawings, forms, colors, letters, or
words may be impaired (Bandur & Shewan, 2001).
Since visual processing deficits in individuals with aphasia are not commonly
reported in research or clinical domains (Brookshire et al., 1983; Hallowell, 2008), their
incidence is typically not documented. As a distributed neural network is required for
visual functioning, it is reasonable to conclude that patients with aphasia caused by
extensive cortical damage also present with some type of visual dysfunction (Lincoln,
1991; Myers & Brookshire, 1996; Fisk et al., 2002; Rowe, 2010; Rowe et al., 2011;
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Dong et al., 2013; Ciuffreda et al., 2007; Sand et al., 2013; Rowe, 2013; Bandur &
Shewan, 2001). These visual deficits may be directly related to stroke related brain
damage, exacerbated by aging, or reflect a preexisting condition (Weale, 1963; Segal,
1996; Whitbourne, 1996). Importantly, it is not known if and how brain injury might
influence visual processing of clinical and experimental stimuli in stroke patients;
therefore, it is critical to examine and better understand eye movements in brain-injured
individuals.
Saccadic eye movements are driven by the oculomotor system. The integrity of
the oculomotor system is a concern in individuals who have suffered a cerebrovascular
accident (Ciuffreda et al., 2007; Rowe et al., 2011; Dong et al., 2013; Sand et al., 2013),
due to the resulting diffuse damage. Cortical areas such as the frontal and/or parietal eye
fields (FEF and PEF respectively) are considered critical structures for saccade
generation and execution, the parietal eye fields specifically involved in visuospatial
integration and attention (Pierrot-Deseilligny et al., 2014). Although damage to the FEF
and PEF is not commonly associated with the clinical diagnosis of aphasia, many
aphasic patients have damage that involves these areas. For example, at least 22 of the
77 patients in the USC Aphasia Lab database have brain damage that at least partially
involves the FEF. Figure 1.1 shows the lesion overlap map of these 77 patients. The
FEF region of interest, identified in a recent meta-analysis localizing FEF during proand anti-saccade tasks was made available for use by the authors (Jamadar et al., 2013),
is shown in blue at the crosshairs, with areas of greatest patient lesion overlap shown in
white.
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Figure 1.1. Lesion overlay map of 77 patients with chronic aphasia; 22
patients had lesions that at least partially included the FEF (blue).
Disruption of the oculomotor system can have a significant impact on activities
of daily living, such as reading, mobility, and visual exploration (Sand et al., 2013). It
can also influence tasks typically utilized in aphasia therapy such as visual search or
visual scanning activities (Ciuffreda et al., 2007). Saccadic eye movements have been
shown to be tightly linked to attention and cognitive processes (Rayner, 2009).
Therefore, measures of saccadic eye movements reflect not only the underlying motoric
function of the oculomotor system but the visual-cognitive task and the skills required
to perform the task of which the individual is engaged.
Evidence supporting the theory that eye movements are tightly bound to
ongoing perceptual and cognitive processes has been documented for decades using
complex tasks such as reading, scene viewing, and visual search, which require overt
attention (Buswell, 1935; Yarbus, 1967; Rayner, 2009). It is generally accepted that eye
movements reflect underlying perceptual and cognitive processes and respond to
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manipulation of task features such as complexity and difficulty (Henderson, 2003;
Rayner, 2009).
Measuring eye movements has been used to study both the integrity of the
oculomotor system and cognitive processes in neurologically compromised populations,
such as autism, schizophrenia, Parkinson’s disease, multiple sclerosis, and dementia.
Dong and colleagues (2013) recently demonstrated the capacity to measure recovery of
cognitive processes using saccadic eye movements in mildly impaired stroke patients at
three time points over three months, suggesting eye movements can be used as a more
sensitive measure of cognitive processing than behavioral measures alone. They further
suggested that studies of oculomotor function can provide quantifiable sensitive
markers of both motor and cognitive deficits in stroke patients, and have the potential to
be valuable in the assessment of the recovery process after stroke (Dong, et al., 2013).
Background of Eye Movements
While the visual world is vast, the human perceptual and cognitive systems are
only able to process a small amount of available information at a time. Efficient and
effective visual cognition requires selecting the most important information, which is
achieved by eye movements. A fixation directly on a visual stimulus (e.g., a word in a
line of text or object in a scene), or a fixation in very close proximity to the visual
stimulus, is required to identify, establish the meaning of, and encode the visual
stimulus to memory (Henderson, 2013).
The two fundamental components of eye movements most commonly examined
in cognitive tasks such as reading and scene perception include the eye saccade and
fixation (Rayner, 2009). Saccade refers to the eye movement itself, and fixation refers
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to when the eye is relatively still and new information is acquired. Saccades are
necessary because of the anatomy and physical limitations of the retina. Acuity is
optimal at the fovea (e.g., 2 degrees in the center of vision in reading) but drops off
significantly in parafoveal and peripheral regions. Thus, the eyes move to bring the
portion of the stimulus into view of the fovea so it can be seen clearly by the viewer.
Saccades are motor responses that take time to plan and execute, and are supported by a
complex network of neural structures, particularly as the viewer engages in various
tasks.
Models of Eye Movement Control: Reading and Scene Perception
Reading. Commensurate with the positive growth over the past few decades in
research that relies on eye tracking, several new models of eye movement control have
been proposed. In relation to reading, the early models were largely divided based on
the presumed influence of oculomotor control (Nuthmann et al., 2007; Henderson &
Luke, 2012) or cognitive processes (Rayner, 1998, 2009) on eye movements. In models
that primarily center on oculomotor control, most of the variation in eye fixation times
is attributed to properties of the oculomotor system, whereas cognitive factors such as
lexical processing are thought to only influence very long eye fixations. One source of
variation among current models of oculomotor control relates to how early lexical
processing can affect duration of eye fixation. The cognitive processing models posit a
tight link between cognitive processing and eye movements during reading (e.g., Just &
Carpenter, 1980; Morrison, 1984), and can be subdivided into how they conceptualize
visual attention allocation. Some models assume that lexical access is strongly coupled
to sequential shifts in attention (SAS; e.g., E-Z Reader), which allows the meaning of
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words to become available in the order of their appearance in the text (Reichle et al.
1998; 1999). Other models assume guidance by attentional gradients (GAG; e.g.,
Saccade-generation with inhibition by foveal targets or SWIFT), which assign
processing capacities to more than one word in view under physiologically plausible
constraints (Engbert, et al., 2002).
More recently, models of eye movement control during reading have
incorporated both oculomotor and cognitive-linguistic processes by detailing the roles
of each and assigning different weights to separate factors. The two most influential
models of this kind are E-Z Reader (Reichle et al. 1998; 1999) and SWIFT (Engbert, et
al., 2002). While both of these models consider cognitive-linguistic processes as the
primary driving force for eye movements during reading, the models differ with regard
to visual attention allocation, with E-Z Reader categorized as a serial attention shift
model and SWIFT as a guidance by attentional gradients model. The models also differ
on how linguistic properties influence saccade programming and how long readers
focus on a word.
Both E-Z Reader and SWIFT account for much of the data that document basic
properties of eye movements during reading, such as average fixation duration and
saccade length, measures of processing time (first fixation, gaze duration), word
skipping, and regressions. The models reasonably account for additional characteristics
of eye movements during reading, such as perceptual span, preview benefit, and
fixation duration as a function of word length and word predictability, among others
(select measures will be discussed in more detail in Chapter 3).
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Scene perception with implications to visual search. Models of scene
perception have predominately focused on the role of stimulus based features in
determining fixation location within a scene (Koch & Ullman, 1985; Itti & Koch, 2000,
2001; Parkhurst et al., 2002); for example, a bright area in a scene may attract the eyes
due to visual saliency alone (Henderson, 2007). This approach to understanding gaze
control in scene perception was instigated by research in attention, which implicated the
“pop out” effect responsible for guiding eye movements during scene perception. In
addition, stimulus-based features are inherently easier to model than cognitive factors,
and thus computational models of scene perception were initially developed with a
stimulus-based framework (Henderson, 2007). Despite image-based characteristics
influencing gaze control to some extent, a model based only on this account does not
solely predict individual fixation position during scene perception.
More recently, the role of cognitive influences on gaze control in scene
perception has been considered. Incorporating bottom-up saliency with short term and
episodic memory of the current scene, stored long-term semantic, visual, and spatial
information about other similar scenes, and the goals and plans of the viewer based on a
particular task are considered critical components to current models of scene perception
(e.g., contextual guidance model of attention by Torralba and colleagues, 2006).
Henderson (2007) provides the example of wanting to know the current time. You
would not look at the brightest object in the room for the time, rather you would use
your knowledge regarding what objects tell time and where they are located (i.e., clock
on the wall or watch on your wrist) and fixate on these locations. Indeed, fixation
position is driven less by bottom-up stimulus features when the scene is meaningfully
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and is actively viewed (Land & Hayhoe, 2001). Within the same stimulus, fixation
patterns vary based on the task the individual is completing. For example, average
fixation duration and saccade amplitude have been found to differ depending on
whether an individual is engaged in a search task compared to viewing the scene in
preparation for a memory test (Nuthmann et al., 2010; Castelhano et al., 2009;
Henderson & Hollingworth, 1999).
Potential for Aberrant Eye Movement Patterns in Persons with Aphasia
Brain damage that causes aphasia typically involves multiple cortical regions
and, as a result, impacts a wide range of sensory, motor, and cognitive-linguistic
functions. Critically, many individuals with aphasia may have lesions in locations that
are associated with early visual processing and oculomotor control of eye movements,
particularly voluntary saccadic oculomotor movements. Brain areas responsible for
planning and executing saccadic eye movements may overlap with areas that are
damaged in individuals with aphasia. These may include the prefrontal cortex
(Brodmann area (BA) 9 and 10), left frontal eye field (BA 8), caudate nucleus,
thalamus, and temporo-parietal regions (BA 7 and 40). These brain regions work in
synchrony with other regions to control and execute voluntary saccadic eye movements
that are necessary for many visual-spatial and cognitive-linguistic tasks, such as visual
search, scene viewing, and reading. Cortical damage in individuals with aphasia not
only involves regions responsible for cognitive-linguistic processes but could also
include areas that influence oculomotor control. This may complicate matters when
clinicians and researchers attempt to assess reading or language processing using eye
tracking methods. The extent to which disordered eye movement patterns can be
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attributed to language processing deficits or deficits of oculomotor control remains in
question. Accordingly, there are many questions left unanswered with regard to the
influence of oculomotor and cognitive-linguistic factors on the eye movements of
persons with aphasia.
Task based changes in eye movements. Global eye movement measures,
fixation duration and saccade amplitude, vary as a function of task demands and several
factors such as the physical characteristics of the stimulus, the viewing task, and the
perceptual and cognitive processing difficulty (Henderson, 2003; Rayner, 2009). Table
1.1 shows the range of mean fixation durations and saccade length in silent reading,
scene perception, and visual search. Fixations tend to be longer during scene perception
than reading because visual information is acquired from a wider area in scenes than in
reading (Rayner, 2009). Nevertheless, many factors can affect eye tracking measures.
For example, the large range of fixation durations during search has been associated
with complexity of the search array. The saccade length in scene perception and search
is generally longer than in reading, again, because information obtained in scenes and
search is presumably from a larger area than in reading (Rayner, 2009). The cognitive
mechanisms involved in each task and how the cognitive system interacts with the
oculomotor system differ as a function of task. Thus, the possibility that individuals
with aphasia do not demonstrate this same pattern of eye movements across tasks
compared to normal viewers is great given the potential for both oculomotor system
deficits and cognitive-linguistic deficits in this population. For example, if oculomotor
system deficits are present, the ability to program and execute saccades of variable
length may be impaired, and could lead to similar length saccades for all tasks.
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Table 1.1. The range of mean fixation duration and the mean saccade length in silent
reading, scene perception, and visual search (adapted from Rayner, 2009).

Silent Reading

Fixation Duration (ms)
225-250

Saccade Length (degrees)
2

Scene Perception

260-330

4-5

Visual Search

180-275

3

Alternatively, linguistic processing difficulty during reading may lead to longer fixation
durations that approximate the same duration of scene perception, leading to minimal
variation in eye movements across these two tasks.
Eye movements during reading. Currently, there is minimal literature on the
broad nature of visual impairment that may contribute to reading difficulty in stroke
patients. Much of the current literature has focused on alexia and homonymous
hemianopia; however, reading deficits may also occur as a result of abnormalities of the
visual and oculomotor systems (Wolter & Preda, 2006; Rowe et al., 2009; Rowe et al.,
2011). These abnormalities of the visual and oculomotor systems have the potential to
influence planning and execution of saccades, systematic scanning and place holding
necessary for connected text reading, as well as local eye movement measures such as
saccade landing in the preferred viewing location (slightly left of center) on a word
(O’Regan et al., 1984; O’Regan & Jacobs, 1992).
Eye movements during reading have been shown to reflect moment-to-moment
linguistic processing. Lexical factors such as word frequency, word length, and
predictability strongly influence how long the eyes stay fixated (Rayner, 1998). Alexia
is the most apparent and predictable cause of abnormal eye movements during reading.
Consistent with previous literature on less skilled readers, reading by individuals with
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alexia is characterized by increased reading times, increased fixation durations, shorter
saccades, and more regressions compared to normal readers.
Eye movements during active scene perception. Visual stimuli (e.g., pictures
of scenes) are commonly used in the assessment and treatment of aphasia and are
emerging as stimuli for eye tracking studies examining impaired language processing
(Yee et al., 2004, 2008; Dickey et al., 2007; Dickey & Thompson, 2009; Myung et al.,
2010; Mirman et al., 2011). It is important to consider that, in normal individuals, task
requirements can elicit differences in eye movements even within the same stimulus
type (Buswell, 1935; Yarbus, 1967; Castelhano et al., 2009). Eye movements may vary
among patients as a function of oculomotor system deficits, nonlinguistic cognitive
problems such as impaired attention, and specific task demands, such as visual search.
Visual search is an ecologically valid task that reflects an activity humans engage in as
part of their everyday lives. However, to engage in visual search effectively,
components of the visual system, attention, and eye movement control must be intact.
Although most visual search research involving stroke patients has focused on right
hemisphere injured individuals with hemi-inattention and homonymous hemianopsia,
some evidence suggests that left hemisphere brain regions are involved in visual search
tasks (Zihl, 1995; Berhmann et al., 1997; Rowe et al., 2009). These findings, coupled
with the critical need to characterize task-related eye movements in aphasia, provide
motivation for the study of eye movements during scene perception of individuals with
aphasia.
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Purpose and Project Outline
The primary purpose of this project was to characterize the eye movements of
individuals with aphasia during reading and scene viewing, using both measures that
have been well documented in the eye movement literature. Specifically, we sought to
1) characterize the extent to which individuals with aphasia modulate their eye
movement behaviors using global measures of saccade amplitude and fixation duration
across scene memorization, scene search, text-reading, and pseudo-reading tasks; 2)
investigate the contributions of oculomotor control and linguistic processing on the eye
movements in individuals with aphasia and concomitant alexia during connected textreading and pseudo-reading using global and local eye movement measurements; and 3)
examine the eye movement patterns of individuals with aphasia during scene
perception, specifically how the eye movements change as a function of task within the
same stimulus type.
This study provides a critical characterization of eye movements of individuals
with aphasia across a variety of experimental stimuli and tasks, and provides insight
into oculomotor and cognitive processes necessary for completing these tasks. The
proposed study contributes significantly to the emerging literature on using eye
movement measures to investigate questions related to the recovery of aphasia by
providing a reference for saccadic eye movement patterns in this population across both
reading and scene viewing tasks. Importantly, findings related to differences in gaze
control found between individuals with aphasia and age-matched controls can
potentially inform models of eye movements during reading and scene perception and
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contribute to the debate regarding the factors that influence gaze control during these
tasks.
Based on the literature demonstrating task based modulation of eye movements,
Study 1 (Chapter 2) focused on global measures to examine the degree to which
individuals with aphasia modulate their eye movements across several different tasks
including scene memorization, scene search, text-reading, pseudo-reading. Then, using
local measures of eye movements and distinguishing between various alexia types,
Study 2 (Chapter 3) investigated the influence of oculomotor control and linguistic
processing on the eye movements of individuals with aphasia and concomitant alexia
during reading tasks. Scene perception, specifically visual search, is a daily activity for
most individuals; however the impact of left hemisphere damage on the eye movements
during active scene perception is currently poorly understood. In Study 3 (Chapter 4),
we used global and local eye movement measures to compare the eye movement
patterns of individuals with aphasia during scene memorization and scene search, and if
damage to left hemisphere language areas influence visual search. Lastly, Chapter 5
summarizes and discusses the findings from Studies 1-3, outlines the general
implications of the conclusions, and provides suggestions for future work.
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Chapter 2
Task-Related Differences in Eye Movements
in Individuals with Aphasia1

1

Smith, K.G., Schmidt, J., Henderson, J.M., and Fridriksson, J. To be submitted to
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Abstract
Purpose: The purpose of this study was to determine whether individuals with aphasia
modulate their eye movements across task and stimulus type compared to age-matched
control participants. We sought to determine whether individuals with aphasia
demonstrate eye movement patterns and associations within and across tasks that have
been documented in previous literature with younger, normal individuals.

Methods: Twenty-four individuals with aphasia and 24 age-matched control participants
completed four eye tracking tasks: scene search, scene memorization, text-reading, and
pseudo-reading. Task-related changes in eye movements and participant group
differences in fixation duration and saccade amplitude were examined using exGaussian analyses and analysis of variance. Correlational analyses were used to
examine associations between eye movement measures within and across tasks.

Results: Main effects of task for fixation duration and saccade amplitude were found;
however, for both eye movement measures no group differences or interactions
emerged. For fixation duration, significant positive correlations across tasks were
found, which is consistent with previous literature. For saccade amplitude, individuals
with aphasia demonstrated significant correlations between the scene tasks and
significant correlations between reading tasks. The age-matched group also had
significant correlations between scene tasks.
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Conclusions: Our results suggest that both persons with aphasia and age-matched
controls demonstrate task modulation in global eye movement measures, fixation
duration and saccade amplitude. Importantly, the present study demonstrated a
consistent similarity in eye movement measures between individuals with aphasia and
age-matched controls, suggesting that oculomotor and cognitive-linguistic mechanisms
necessary to execute the tasks in the present study, at least measured by fixation
duration and saccade amplitude, are intact in the individuals with left hemisphere brain
damage.

Introduction
Brain damage that causes aphasia typically involves multiple cortical regions
and, as a result, impacts a wide range of sensory, motor, and cognitive-linguistic
functions. Critically, individuals with aphasia may have lesions in locations that are
associated with early visual processing and oculomotor control of eye movements,
particularly voluntary saccadic oculomotor movements. Brain areas responsible for
planning and executing saccadic eye movements may overlap with areas that are
damaged in individuals with aphasia (e.g., prefrontal cortex, left frontal eye field,
caudate nucleus, thalamus, temporo-parietal regions). These brain regions work in
synchrony with other regions to control and execute voluntary saccadic eye movements
that are necessary for many visual-spatial and cognitive-linguistic tasks, such as visual
search, scene viewing, and reading. This may complicate matters when clinicians and
researchers attempt to assess reading or language processing using eye tracking
methods or other protocols involving eye movements, particularly for tasks that are
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timed. Accordingly, there are many questions left unanswered with regard to the
influence of oculomotor and cognitive-linguistic factors on the eye movements of
persons with aphasia.
Eye movements during reading and scene perception are proposed to be
controlled by both low-level, peripheral factors, and knowledge-based, cognitivelinguistic factors (Henderson, 2003). These factors may influence the ability of an
individual with aphasia to make task-based changes in their eye movements. First, many
individuals with aphasia have some form of peripheral visual dysfunction, such as
impairment of oculomotor control or visual attention due to proximity of their lesions to
areas responsible for eye movements (Rowe, 2011; Rowe et al., 2013). In a study of 799
stroke patients referred for known or suspected visual problems nearly 25%
demonstrated some type of visual dysfunction in addition to aphasia (Rowe, 2011). In
another study, Rowe and colleagues (2013) interviewed five stroke patients, which
revealed diagnoses of both aphasia and visual problems due to the stroke in all five
patients. Secondly, individuals with aphasia may have cognitive-linguistic deficits and
attentional impairment that may result in an inability to modulate eye movements based
on various tasks and not necessarily only during tasks that require language processing.
An inability to make task-based changes in eye movements may indicate eye movement
control deficits, either as a reflection of impaired cognition or language, or due to
oculomotor impairment (e.g., planning and programming of saccades impaired due to
cortical damage of critical brain regions). To determine how the interaction between eye
movement and cognitive-linguistic processes are able to adapt to task and stimulus
changes in individuals with aphasia and provide insight into the integrity of the
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mechanisms involved, the current study examined how task demands affect eye
movements for individuals with aphasia and how they compare to an age-matched
control group using eye tracking.
Eye movement measures have been utilized for studying attention, reading,
memory, and visual search in normal individuals. Furthermore, measures of eye
movements provide a means for evaluating online cognitive processing (Land &
Hayhoe, 2001; Schutz et al., 2011; Henderson, 2006, 2013), based on the premise that
dynamic eye movement control is required for all visual-cognitive tasks, including
reading, some language tasks, and scene viewing (Just & Carpenter, 1980; Rayner,
1998, 2009; Rayner & Pollatsek, 2013). Global eye movement measures, such as
fixation duration and saccade amplitude, vary as a function of task demands and several
factors such as the physical characteristics of the stimulus, the viewing task, and the
perceptual and cognitive processing difficulty (Henderson, 2003; Rayner, 2009;
Henderson et al., 2013; Borji & Itti, 2014). For example, fixation durations tend to be
longer in scene perception than in reading, and the range of fixation durations is greater
in visual search than in reading and scene perception (Rayner, 2009). Fixation durations
have also been found to be longer in picture viewing during memorization than during
search (Henderson & Hollingsworth, 1998; Henderson, Weeks, and Hollingworth,
1999; Vo & Henderson, 2009). These findings support the theoretical account that
cognitive processes directly influence eye movements (Reichle et al., 1998; Engbert et
al., 2002; Torralba et al., 2006; Nuthmann & Henderson, 2012), and that the human
visual system, at least partially, relies on active processing (Borji & Itti, 2014); as well
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as, demonstrate the flexibility of the cognitive and oculomotor systems to interact and
respond to the dynamic visual world.
The cognitive mechanisms involved in each task and how the cognitive system
interacts with the oculomotor system differs as a function of task. Thus, the possibility
that individuals with aphasia do not demonstrate this same pattern of eye movements
across tasks compared to normal viewers is great given the potential for both
oculomotor system deficits and cognitive-linguistic deficits in this population. For
example, if oculomotor system deficits are present, the ability to program and execute
saccades of variable length may be impaired, and could lead to similar length saccades
for all tasks. Alternatively, linguistic processing difficulty during reading may lead to
longer fixation durations that approximate the same duration of scene perception,
leading to minimal variation in eye movements across these two tasks. It may also be
the case that individuals with aphasia modulate their eye movements for scene tasks
similar to normal subjects, but not during reading tasks due to the necessary online
language processing. This may depend on the nature of and extent of the individual with
aphasia’s language deficit.
An early study by Andrews and Coppola (1999) recorded the eye movements
across five viewing conditions (absence of visual stimuli-dark room, simple textured
patterns, complex natural scene, visual search, and reading text) in young, normal
viewers and found that mean fixation duration and saccade amplitude differed across
active and passive tasks (Andrews & Coppola, 1999). Eye movement measures for
active tasks such as visual search and text reading were related, while passive tasks such
as scene memory and viewing simple patterns were not associated with the active tasks.
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Based on their findings, the authors suggested that saccadic eye movements are
controlled by two parallel cortical pathways: Eye movements related to remembered or
learned behavior are controlled mainly through a frontal lobe pathway that acts via the
superior colliculus, whereas reorienting eye movements to novel visual stimuli is
suggested to be under controlled by a pathway originating in the posterior parietal
cortex (Leigh & Zee, 1991). Although these findings and their implications seem
appealing, this study has been criticized for relying on too few stimuli per condition and
small sample size; accordingly, the findings should be interpreted with caution.
Rayner and colleagues (2007) ameliorated some of the concerns raised regarding
the Andrews and Coppola (1999) study by including more participants, stimuli, and
tasks (face processing, scene perception, visual search, counting Chinese characters in a
passage of text, and visual search for Chinese characters). Their study yielded the
following important findings: First, fixation duration and saccade amplitude across the
different tasks were consistent with prior reports (see Rayner 1998, for an overview),
and there were significant main effects of task for both fixation duration and saccade
amplitude. Second, correlations were found for fixation duration between non-reading
tasks such as scene perception, visual search, and face perception, while these same
tasks did not correlate with reading. These same findings were found to a lesser extent
for saccade amplitude between tasks. The finding that non-reading tasks are correlated
with each other but not with reading provides less support for the active versus passive
task dichotomization of correlations found in the Andrews and Coppola study (1999).
Rayner and colleagues (2007) suggested this may be due to a common aspect of
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processing to all of the associated tasks, that is not common to tasks involving linguistic
processing.
A recent study focusing on individual differences by Henderson and Luke
(2014) reported mixed results in relation to the findings of Andrews and Coppola
(1999) and Rayner and colleagues (2007). Henderson and Luke (2014) found that mean
fixation duration was significantly different for all tasks (scene search, scene
memorization, text-reading, and pseudo-reading), with the exception of fixations in
scene search compared to pseudo-reading. Saccade amplitude also differed across all
tasks with the exception of pseudo-reading compared to text-reading and pseudoreading compared to scene memorization. In addition, they found that individual
differences in fixation duration were strongly correlated across tasks, while saccade
amplitude correlations in individual differences were only found for the scene tasks.
Consistent with the previous studies (Andrews and Coppola, 1999; Rayner et al., 2007),
they found no relationship between fixation duration and saccade amplitude for all tasks
and no relationship in saccade amplitude between reading and non-reading tasks. In
contrast to the previous studies, Henderson and Luke (2014) reported strong
relationships between mean fixation duration across text-reading and all three nonreading tasks.
The central focus of this study was to determine whether individuals with mild
to moderately severe aphasia modulate their eye movements across task and stimulus
type compared to an age-matched control group, which has been previously
demonstrated in younger, normal individuals (Yarbus, 1967; Henderson &
Hollingsworth, 1998; Rayner et al., 2007; Vo & Henderson, 2009; Rayner 2009;
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Henderson, 2013; Henderson et al., 2013; Rayner & Pollatsek, 2013; Borji & Itti; 2014).
This issue is critical for determining how well eye movement and cognitive-linguistic
processes are able to adapt to task and stimulus changes in individuals with aphasia, and
will provide insight into the integrity of the mechanisms involved. The results will
indicate, for individuals with aphasia, how the cognitive system interacts with the
oculomotor system for each task and provide an indication as to whether deficits are
present.
We also sought to determine, for individuals with aphasia, whether the nonlinguistic tasks are correlated with each other, and what the relationship is between textreading and the non-linguistic tasks. The results of this analysis will contribute to the
debate as to whether a common mechanism is responsible for oculomotor control for all
tasks, which is not necessarily related to processing the meaning of the stimulus or the
particular task demands (Henderson and Luke, 2014), or whether there is a separate
mechanism for text-reading compared to a common mechanism for non-linguistic tasks
(Rayner, 2007). Specifically, deviations by individuals with aphasia in either of these
patterns of associations would be indicative of an impaired system, either oculomotor or
cognitive-linguistic. The pattern of associations that emerge and neuropsychological
assessment scores can provide insight into potential deficits.
In short, we examined how task demands affect eye movements for individuals
with aphasia and whether they are different than age-matched controls. We used eye
tracking to examine global eye movement measures, saccade amplitude and fixation
duration, in individuals with aphasia across task (e.g., reading, pseudo-reading, scene
memorization, and scene search) and stimulus type (e.g. reading compared to scenes),
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and compared the differences with a group of age-matched control participants. We
hypothesized that individuals with aphasia would have decreased modulation of eye
movements across all tasks compared to the age-matched control group. We discuss
how overall aphasia severity and reading abilities may contribute to our findings.
Methods
Participants
Twenty-four individuals with aphasia (8 individuals with Broca’s aphasia, 8
individuals with anomic aphasia, 5 individuals with Wernicke’s aphasia, 3 individuals
with conduction aphasia) and 24 age-matched control subjects were recruited. All
participants with aphasia suffered a left hemisphere stroke and have no history of
neurological and speech-language or reading disorders prior to their stroke based on
self-report. All participants were right handed and were in the chronic phase of recovery
(a minimum of six-months post-onset). Patterns of language impairment and severity
was assessed using the Western Aphasia Battery-Revised (WAB-R; Kertesz, 1982), and
reading abilities were assessed using the Reading Comprehension Battery for Aphasia –
2nd Edition (LaPointe and Horner, 1976). Demographic information for persons with
aphasia is shown in Appendix A. A visual case history and screening of the visual
system was completed for each participant with aphasia (Hallowell, 2008), with the
exception of one participant who chose to discontinue study participation for personal
reasons and did not complete the behavioral assessment portion of the study. The visual
screening determined whether visual acuity was adequate for study participation.
Appendix B describes the results of the visual screening.
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All age-matched control participants were native monolingual speakers of
English, reported normal or corrected to normal visual acuity, reported no history of
neurological disorder or significant visual history, and no speech-language or reading
disorders. The Mini Mental State Examination (MMSE; Folstein et al., 1975) was used
to screen cognition in age-matched control participants, age 55 and older, and all
participants who were screened passed. Reading skills were not formally assessed in the
age-matched control group, however, given the text-reading paragraphs were on
average at the 8th grade reading level, all age-matched control participants had a
minimum of a high school education, and for the eleven participants who completed
reading comprehension questions associated with the text-reading paragraphs, the mean
performance was 91% accuracy; therefore, we determined that reading skills for each
age-matched control participant was adequate for study inclusion. All age-matched
control participants were able to read the instructions for each task on the eye tracker
stimulus presentation screen and indicated they had no difficulty viewing the stimuli for
each task. This served as a visual screening to determine that visual acuity was adequate
for study inclusion for age-matched control participants.
The Author’s Recognition Test (ART; Acheson et al., 2008) was used to provide
a measure of pre-stroke reading skills of persons with aphasia compared to the agematched participants. The ART is a list of authors intermixed with a set of foils in
which participants are asked to indicate which items they recognize as the names of real
authors. The ART has been found to be a quick and informative assessment of reading
skill and habits, and has been validated as good indicators of individual differences in
exposure to print (Stanovich & Cunningham, 1992; West et al., 1993). The ART has
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also been related to measures of phonological and orthographic skills. We considered
the ART an appropriate measure of pre-stroke print exposure as the persons with
aphasia likely encountered authors on the ART prior to their stroke. For persons with
aphasia, the experimenter also read the items aloud and repeated items as needed. The
means and standard deviations for the ART scores are listed in Table 2.1. An
independent samples t-test indicated that there was an effect for participant group, t(45)
= 3.20, p=.003, with the age-matched group earning significantly higher scores than
persons with aphasia on the ART.
Table 2.1. The mean scores and standard deviations of the Author’s Recognition Test
(Acheson et al., 2008) and education level for persons with aphasia and age-matched
participants.

Persons with Aphasia

Mean ART Score (SD)
16 (11)

Mean Education Level (SD)
15 (2)

Age-Matched Controls

29 (16)

16 (2)

Note: Maximum possible score on the ART is 65
All participants gave signed informed consent approved by the University of
South Carolina Institutional Review Board for study participation.
Apparatus
Eye movements were recorded using an SR Research Eyelink 1000 eye tracker
(spatial resolution: 0.01°) sampling at 1000 Hz. Chin and head rests were used to
minimize head movements. Participants sat 90 cm away from a 20-inch monitor with a
refresh rate of 140 Hz. The experiment was controlled with SR Research Experiment
Builder software.
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Stimuli
Scene memorization and scene search were considered two Scene conditions and
reading and pseudo-reading as two Reading conditions. These tasks were chosen as
each has been used extensively to study eye-movement control and the relationship of
eye-movements to memory, attention, reading, and various other areas of cognition in
normal individuals (Huey, 1908; Najemnik & Geisler, 2005; Brockmole & Henderson,
2006; Dafoe et al., 2007; Henderson et al., 2007; Henderson & Smith, 2009; Luke &
Henderson, 2013).
Stimuli consisted of 120 scenes and 70 texts. For scene memorization, 60 full
color photographs were presented depicting complex indoor and outdoor real-world
scenes. For scene search, an additional 60 full color photographs depicting complex
indoor and outdoor real-world scenes were used. While the scenes were not the same
across the two tasks, they were selected from the same pool of pictures and the indooroutdoor ratio was selected with same frequency for each task. Half of the scenes were
indoor real-world scenes and half were outdoor real-word scenes. For the search task,
two thirds of the scenes had a grey colored circle embedded in them (size 14, Times
New Roman). The circle was pseudo-randomly embedded in each scene to ensure that
the circle appeared approximately randomly distributed in space across scenes. For one
third of the scenes, no circle was present (target absent trials). For text-reading, 35
English text passages were be presented. The passages were obtained from online
newspapers and magazines and range from 40-60 words in length, and were at
approximately the 8th grade reading level. The characters were presented approximately
3.5 subtended 1° of visual angle. For pseudo-reading, 35 text paragraphs were
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converted into pseudo-text using a custom font in which each letter was replaced by a
geometric shape that preserved word location and word shapes but eliminated meaning
(Henderson & Luke, 2012; Henderson et al., 2013; Luke & Henderson, 2013). Pseudotext size was the same as the normal text in the text-reading condition. Both reading
conditions were presented in fonts that were mono-spaced, and all letters, words, and
lines of text appeared in exactly the same location regardless of font. Figure 2.1 shows
an example of each stimulus type.
a)

b)

c)

d)

Figure 2.1. Examples of stimuli from the four conditions: a) scene memorization, b)
scene search, c) text-reading, d) pseudo-reading. The grey circle search icon (b) in the
search condition is marked here only with a yellow circle for demonstration purposes;
however, the yellow circle was not present during experimental trials.
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Procedure
Participants viewed all stimuli with both eyes, although eye movements were
recorded from only one. When possible, the right eye was recorded, unless there was
difficulty calibrating or there was a significant medical history involving the right eye
(e.g., cataract surgery). For the group of individuals with aphasia, the right eye was
recorded for 16 individuals, and the left eye for eight. For the age-matched control
group, the right eye was recorded for 23 individuals, and the left eye for one. All
participants completed all four eye tracking tasks in the same order: scene
memorization, pseudo- reading, scene search, and text-reading. Each task was
completed in one block for a total of four blocks. The stimuli within each block were
the same for each participant and presented in the same order.
Each trial in each task began with the following sequence. The trial began with a
fixation marker for a calibration check. The fixation marker was at the center of the
screen for scene tasks and in the upper left corner (approximately where the start of the
paragraph was located) for reading tasks. Once the eye tracker detected a stable fixation,
the stimulus was presented. The participant viewed each stimulus for 12 seconds before
it was removed from the screen, except in scene search trials when participants ended
the trial earlier by pressing the response button when they found the search icon. The
search task was purposefully made very demanding and, therefore, it was expected most
search trials would last the full 12 seconds. Following each trial, the screen was blank
and the next calibration screen appeared. If the calibration was not accurate, the
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participant was recalibrated and validated and then returned to the individual trial
calibration screen.
Participant directions were task specific. For scene memorization, participants
were instructed to memorize images of real-world scenes for a later memory test,
although a memory test was not actually administered at the end of the session. For
pseudo-reading, participants were instructed to move their eyes through the pseudotexts as if they were reading which are standard instructions given in mindless reading
tasks (Nuthmann et al., 2007; Henderson & Luke, 2012; Luke & Henderson, 2013). For
scene search, participants were instructed to search for an “O” embedded in a real-world
scene. When the participant found the target, they were instructed to fixate on the target
and press the space bar to move on to the next trial. For text-reading, participants were
instructed to silently read paragraphs of text. A portion of the participants (10 persons
with aphasia, 11 age-matched control participants) completed reading comprehension
questions between each text-reading trial. An example line of text and pseudo-reading
text was shown to participants prior to starting the experimental trials. Four example
trials were included for the search task prior to starting the experiment to ensure
understanding of the task. Instructions for each task were provided in multiple
modalities (i.e., verbal, written, and picture cues) as needed, in addition to examples and
demonstrations of each task. The experimenter determined whether the participant
understood the instructions for the upcoming task by monitoring eye movements
carefully for the first three trials of each task, as a screening measure, to ensure the
participants were completing the task as instructed. Eye movements were monitored
throughout the experimental trials to ensure appropriate task completion.
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Data Analysis for Fixation Duration
To examine the influence of task on mean fixation duration for each group, the
fixation duration distributions were first entered into a response time distributional
analysis (Balota and Yap, 2011). This analysis fits participants’ response time data with
an ex-Gaussian distribution (Ratcliff, 1979), which is the convolution of normal
(Gaussian) and exponential distributions, with two parameters representing the normal
components (µ, the mean, and σ, the standard deviation) and a single exponential
parameter (τ). Any changes in µ and σ indicate changes in the normal component of the
distribution (a shifting of the mean or widening of the distribution), whereas differences
in τ indicate increased skewness to the right. Ex-Gaussian distributions have been
shown to provide a good fit to eye movement data (e.g., Luke et al., 2013; Staub, 2011;
Staub et al., 2010; White and Staub, 2012). The ex-Gaussian distribution was fit to the
data from each participant for each task using R (R Development Core Team, 2012).
The results are described below.
Results
The focus of the current study was to assess two eye movement measures that
have been examined extensively in previous literature, fixation duration and saccade
amplitude, respectively, in individuals with aphasia, and how these measures are
influenced by task demands and changes in stimulus types. These measures are also
critical variables in current models of reading and scene viewing (Reichle et al., 1998;
Engbert et al., 2005; Nuthmann et al., 2010; Nuthmann & Henderson, 2012). Fixation
duration has been shown to be a sensitive measure of the time needed to process the
information and the time required to plan the next saccade, and saccade amplitude is
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associated with the amount of information that can be processed on a single fixation and
how the next saccade target is selected (Rayner, 1998). Means and standard deviations
of fixation duration and saccade amplitude for each participant in each condition were
computed across trials, and then were calculated across participants. For text-reading
and pseudo-reading tasks only the eye movements from the readers’ first pass through
the paragraphs was analyzed, and regressive saccades were excluded from all analyses.
All follow-up comparisons were corrected for multiple comparisons using Bonferroni
correction.
Fixation Duration
The overall mean fixation duration and ex-Gaussian parameters for each task
and group can be found in Table 2.2. Mean indicates the global mean fixation duration.
The µ and σ represent the normal components of the distribution, the mean and standard
deviation respectively, and τ indicates the exponential parameter representing the
skewness of the distribution.
Table 2.2. Mean fixation duration and ex-Gaussian parameters.
Individuals with aphasia
Task
Scene Memorization
Scene Search
Text-Reading
Pseudo-Reading
Age-Matched Controls
Task
Scene Memorization
Scene Search
Text-Reading
Pseudo-Reading

Mean
251.96
272.42
226.59
235.69

µ
-26.96
35.07
118.37
83.95

Mean
261.72
269.36
219.86
235.41

µ
-62.95
13.40
25.91
97.52
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σ
227.27
170.56
9.71
90.82
σ
269.89
195.01
155.24
77.24

τ
281.08
232.93
103.77
150.88
τ
322.62
256.05
191.80
137.43

The ex-Gaussian parameters for fixation duration were entered into a 4 (Task:
Scene memorization, scene search, text-reading, pseudo-reading) X 2 (Group:
Individuals with aphasia, age-matched controls) mixed model ANOVA separately for
each ex- Gaussian parameter. For fixation duration, a significant main effect was found
for task for the ex-Gaussian parameter µ [F(3, 138)=9.89, p <.001]. With a greater µ
indicating a greater mean of the normal component of the ex-Gaussian distribution,
follow-up comparisons indicated a significantly greater µ for pseudo-reading
(M=135.964, SE=10.259) compared to scene memorization (M=65.861, SE=19.390)
and scene search (M=97.750, SE=13.566), and significantly greater µ for text-reading
(M=135.032, SE=11.478) compared to scene memorization and scene search. No
significant differences were found between the two reading tasks (i.e., text-reading and
pseudo-reading) or between the two scene tasks (i.e., scene memorization and scene
search). There was no main effect of group (p=. 579) or task by group interaction
(p=.400).
A significant main effect was found for task [F(3, 138)=4.860, p =.009] for the
ex-Gaussian parameter σ for fixation duration. Follow-up comparisons indicated a
significantly less σ value, or less variability in the normal component of the exGaussian distribution, for pseudo-reading (M=62.33, SE=7.339) compared to scene
memorization (M=121.603, SE=19.241) and scene search (M=97.321, SE=12.902).
There was no main effect of group (p=. 388) or task by group interaction (p=.402).
Lastly, a significant main effect was found for task [F(3, 138)=20.195, p <.001] for the
ex-Gaussian parameter τ for fixation duration. Follow-up comparisons revealed a
significantly less τ value, or less skew, for pseudo-reading (M=99.720, SE=10.524)
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compared to scene memorization (M=190.977, SE=20.624) and scene search
(M=173.139, SE=14.935), as well as a significantly less τ value for text-reading
(M=88.190, SE=11.228) compared to scene memorization and scene search. No
significant differences were found between the two reading tasks (i.e., text-reading and
pseudo-reading) or between the two scene tasks (i.e., scene memorization and scene
search). There was no main effect of group (p=. 593) or task by group interaction
(p=.327). Figure 2.2 shows the ex-Gaussian values for each parameter, task and group.
To summarize, a significantly greater mean of the normal component of the exGaussian distribution (µ) of fixation duration was found for pseudo-reading and textreading compared to both scene tasks, while no differences emerged for the two reading
tasks or the two scene tasks. Significantly less variability in the normal component of
the ex-Gaussian distribution (σ) was found for pseudo-reading compared to the two
scene tasks, and significantly less skew was found for pseudo-reading and text-reading
compared to scene memorization and scene search. Group differences and task by group
interactions did not emerge for any of the ex-Gaussian parameters.
Saccade Amplitude
The mean and standard deviations of saccade amplitude for each task are listed
in Table 2.3. To examine the influence of task on mean saccade amplitude, a 4 (Task:
Scene memorization, scene search, reading, pseudo-reading) X 2 (Group: Individuals
with aphasia, age-matched controls) mixed model ANOVA was conducted. A
significant main effect of task was found (F(3, 138)=11.514, p<.001). Follow-up
comparisons indicated significantly larger saccade amplitude for pseudo-reading
(M=4.809, SE=.154) compared to scene memorization (M=4.146, SE=.116 ), scene
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Figure 2.2.. The values for each ex
ex-Gaussian parameter, task, and group;
(a) µ values, b) σ values, c) τ values; error bars indicate standard error.

41

search (M=4.158, SE=.089), and text-reading (M=4.368, SE=.111). No significant
differences were found between the two scene tasks (i.e., scene memorization and scene
search). There was no main effect of group (p=.434) or task by group interaction
(p=.096). Figure 2.3 shows the mean saccade amplitude for all tasks and participant
groups.
To examine the influence of task on mean standard deviation of saccade
amplitude, a 4 (Task: Scene memorization, scene search, reading, pseudo-reading) X 2
(Group: Individuals with aphasia, age-matched controls) mixed model ANOVA was
conducted. A significant main effect of task was found [F(3, 138)=106.223, p<.001].
Follow-up comparisons indicated the standard deviation for saccade amplitude in
pseudo-reading (M=4.644, SE=.094) was significantly larger (all p<.047) compared to
scene memorization (M=3.426, SE=.078), scene search (M=3.503, SE=.075), and textreading (M=4.435, SE=.068). In addition, the standard deviation for saccade amplitude
in text-reading was significantly larger
Table 2.3. Mean saccade amplitude and standard deviations
for each task and participant group.
Individuals with aphasia
Task
Scene Memorization
Scene Search
Text-Reading
Pseudo-Reading
Age-Matched Controls
Task
Scene Memorization
Scene Search
Text-Reading
Pseudo-Reading

Mean
4.16
4.21
4.14
4.67

SD
0.88
0.56
0.79
1.05

Mean
4.12
4.10
4.60
4.95

SD
0.73
0.67
0.75
1.09

42

Mean Saccade Amplitude
(deg)

5.5

Age-Matched Controls
Persons with Aphasia

5
4.5
4
3.5
3

Pseudo-Reading Scene Memory Scene Search
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Task
Figure 2.3. Mean saccade amplitude for each task and group; error bars
indicate standard error.
compared to scene memorization (M=3.426, SE=.078) and scene search (M
M=3.503,
SE=.075).. A significant task by group interaction occurred [[F(3,
(3, 138)=4.951, p=.007].
This interaction was driven by the age
age-matched control group having a significantly
larger standard deviation for text
text-reading [t(46)= -3.145, p=.003] compared to the group
of individuals with aphasia, while no group differences occurred for the other tasks.
tasks No
main effect of group was found ((p=.256). Figure 2.4 shows the mean standard deviation

Mean Standard Deviation
of Saccade Amplitude

for saccade amplitude for all tasks and participant groups.
5.5

Age-Matched Controls
Persons with Aphasia

5
4.5
4
3.5
3

Text-Reading Pseudo
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Task
Figure 2.4.. Saccade amplitude mean standard deviation for each task
and group;; error bars indicate standard error
error.
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Correlation between tasks for Fixation Duration
To examine the strength of the relationship of fixation duration across tasks,
separate Pearson correlations were computed for each task and participant group using
the mean fixation duration of the group. For both participant groups, significant positive
correlations were found across all tasks (all p<.05). The results are summarized in Table
2.4.
Correlation between tasks for Saccade Amplitude
To examine the strength of the relationship of saccade amplitude across tasks, a separate
Pearson correlation was computed for each task and participant group using the mean
saccade amplitude of the group. The group of individuals with aphasia demonstrated
significant correlations between the scene tasks, scene memorization and scene search,
and reading tasks, text-reading and pseudo-reading. However, the age-matched group
revealed a different pattern of correlations. They did have a strong correlation between
scene tasks, scene memorization and scene search, but no significant correlation was
found for the reading tasks. In addition, the age-matched group, unlike the group of
individuals with aphasia, showed significant correlations between pseudo-reading and
scene memorization, pseudo-reading and scene search, and text-reading and scene
search. This pattern of results is not consistent with previous findings that have shown
associations between reading tasks and associations between scene tasks, but not
associations across stimulus types, while the pattern of associations for the individuals
with aphasia is consistent with the pattern reported in previous studies. The results are
summarized in Table 2.5.
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Table 2.4. Pearson correlations (R values) for fixation duration for each task and group.
Individuals with aphasia
Variable

Scene
Memorization

Scene Search

Text-Reading

Scene Memorization
Scene Search

.551*
p=.005

Text-Reading

.432*
p=.035

.564**
p=.004

Pseudo-Reading

.614**
p=.001

.783**
p<.001

.763**
p<.001

Scene
Memorization

Scene Search

Text-Reading

Age-Matched Controls
Variable
Scene Memorization
Scene Search

.804**
p<.001

Text-Reading

.698**
p<.001

.739**
p<.001

Pseudo-Reading

.529**
p=.008

.470*
p=.021

.414*
p=.044

**Correlation is significant at the 0.01 level (2-tailed) uncorrected
*Correlation is significant at the 0.05 level (2-tailed) uncorrected
Discussion
Investigating the eye movements of individuals with aphasia across a variety of
visual-cognitive tasks is critical. Cortical damage in individuals with aphasia not only
involves regions responsible for cognitive-linguistic processes, but could also include
areas that influence oculomotor control. The current study provides, to our knowledge,
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Table 2.5. Pearson correlations (R values) for saccade amplitude for each task and
group.
Individuals with aphasia
Variable

Scene
Memorization

Scene Search

Text-Reading

Scene Memorization
Scene Search

.611*
p=.002

Text-Reading

.238
p=.263

.223
p=.295

Pseudo-Reading

.404
p=.051

.313
p=.136

.516**
p=.010

Scene
Memorization

Scene Search

Text-Reading

Age-Matched Controls
Variable
Scene Memorization
Scene Search

.876**
p<.001

Text-Reading

.404
p=.051

.488*
p=.015

Pseudo-Reading

.511*
.505*
p=.011
p=.012
**Correlation is significant at the 0.01 level (2-tailed) uncorrected
*Correlation is significant at the 0.05 level (2-tailed) uncorrected

.336
p=.109

a first account of eye movement behavior across a variety of tasks in individuals with
aphasia. Guided by previous literature on eye movement behavior across various tasks
in neurologically intact younger individuals, we sought to determine whether
individuals with mild to moderately severe aphasia modulate their eye movements
across task and stimulus type and how eye movements across tasks are associated with
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each other. To this end, we used eye tracking to examine saccade amplitude and fixation
duration in individuals with aphasia, across task (e.g., reading, pseudo-reading, scene
memorization, and scene search) and stimulus type (e.g. reading compared to scenes),
and compared the differences with a group of age-matched control participants.
Fixation Duration
Previous studies have demonstrated task-related changes to eye movements in
young, neurologically intact individuals (Yarbus, 1967; Henderson & Hollingsworth,
1998; Rayner et al., 2007; Vo & Henderson, 2009; Rayner 2009; Henderson, 2013;
Henderson et al., 2013; Rayner & Pollatsek, 2013; Henderson & Luke, 2014; Borji &
Itti; 2014), suggesting that cognitive processes directly influence eye movements
(Reichle et al., 1998; Engbert et al., 2002; Torralba et al., 2006; Nuthmann &
Henderson, 2012), and that the human visual system, at least partially, relies on active
processing (Borji & Itti, 2014). The cognitive mechanisms involved in each task, as
well as the interactions between the cognitive system and the oculomotor system differ
as a function of task. In the current study, we fit the fixation duration data to an exGaussian distribution in order to account for differences in task and participant group
that might emerge due to the skew inherent to reaction time data. For fixation duration,
we found significant main effects of task for all ex-Gaussian parameters, µ, σ and τ, but
there were no participant group differences, nor significant task by group interactions.
These results suggest that both persons with aphasia and the age-matched control group
made task-related changes to their eye movements and that even the variability and
skewness of the fixation duration data for both the groups represent task-related
differences and adaptation of eye movements across tasks.
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It is interesting that although individuals with aphasia and age-matched controls
both demonstrate modulation of fixation duration based on task, there were no main
effects of group for any of the ex-Gaussian parameters. That is, individuals with aphasia
and age-matched controls have similar fixation durations across tasks, and demonstrate
approximately the same variability and skewness in the distribution. This finding is
somewhat surprising given that persons with aphasia tend to have more variability
across measures such as word fluency (Boyle et al., 1991), naming (Freed, et al., 1996),
and sentence comprehension (Johnson & Cannizzaro, 2009). Perhaps these general eye
movement measures demonstrate a level of stability, which would have to be
considered good news for clinicians and researchers who use eye tracking to measure
language impairment. We also found similar results for mean saccade amplitude and the
standard deviation for saccade amplitude. Overall, it appears that the interaction of the
oculomotor and cognitive-linguistic system to support task-related differences in eye
movements is unimpaired in individuals with aphasia. This is not to say that linguistic
deficits inherently present in individuals with aphasia does not impact their eye
movements during text-reading. Rather, it suggests that the oculomotor and cognitive
mechanisms that support eye movements, regardless of language processing abilities
may be intact.
However, results of the ex-Gaussian mu (µ) value from the current study for
mean fixation duration differ from those of younger participants (Henderson and Luke,
2014). Specifically, the current results show differences between pseudo-reading and
scene search, while Henderson and Luke (2014) did not. Conversely, they reported
differences between reading tasks and differences between scene tasks; the current
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study did not. The differences in results between the two studies may indicate
differences between the eye movements of the age-matched group and individuals with
aphasia compared to those of college-aged individuals who participated in the
Henderson and Luke study. The differences in the results of the current study compared
to previous studies are perhaps a reflection of normal aging rather than brain damage as
no differences were shown across the aphasic group and their age-matched counterparts.
In addition to investigating task based differences in eye movements, we sought
to determine the relationship of eye movements across tasks; specifically, whether eye
movement measures during non-linguistic tasks are correlated with each other, and the
nature of the relationship between text-reading and the non-linguistic tasks. Consistent
with Henderson and Luke (2014), the current study found significantly positive
correlations for fixation duration across all tasks for both participant groups. Henderson
and Luke (2014) suggested this indicates a common mechanism responsible for
oculomotor control that is not necessarily related to processing the meaning of the
stimulus or the particular task demands. Keeping with this account, our results suggest
that this specific mechanism responsible for oculomotor control, regardless of task, is
intact for our group of individuals with aphasia, and that the mechanism is generally
resistant to the normal aging process, as our age-matched control group demonstrated
the same results. These results also provide support for the CRISP model of eye
movement control that proposes fixation durations across tasks are controlled by a set of
common processes (Nuthmann & Henderson, 2012; Nuthmann et al., 2010).
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Saccade Amplitude
For saccade amplitude, previous studies have shown associations between
reading tasks and associations between scene tasks, but not associations across stimulus
types. In particular, no relationship has been found for saccade amplitude for reading
compared to non-reading tasks (Andrews and Coppola, 1996; Rayner et al., 2007;
Henderson and Luke, 2014). The current results suggest that this mechanism is
unimpaired in our group of individuals with aphasia, as they showed strong associations
between text-reading and pseudo-reading, and strong associations between scene
memorization and scene search, but no association across stimulus types. These results
support what we have already reported from our other analyses - intact oculomotor and
cognitive-linguistic mechanisms required to demonstrate task-related differences in eye
movements. In addition, it is important to note that pre-morbid reading exposure
measured by the Author’s Recognition Test (ART; Acheson et al., 2008) did not appear
to influence the eye movement patterns of individuals with aphasia in the current study;
however, it is possible that the participants’ scores on the ART may be associated with
their eye movement patterns, which could be a direction of future research.
The associations of saccade amplitudes across tasks in the age-matched group,
who demonstrated significant correlations across stimulus types, were somewhat
unexpected. This finding suggests there are variables influencing associations across
tasks for saccade amplitude, potentially cognitive or sensory-motor processes that were
not accounted for in the current study. Future studies may seek to investigate the
variables responsible for this pattern of associations in the normal, aging individuals.
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Due to methodological considerations, the group of individuals with aphasia
recruited for the current study was limited to individuals with mild to moderate aphasia.
We wanted to ensure our participants would have language comprehension abilities
adequate to understand the instructions to complete each task and to undergo the eye
tracking calibration procedures. This limited our study sample to individuals with more
intact language and reading skills, and overall less severe impairments. In terms of
aphasia type, our sample excluded approximately 16% of the aphasic population (i.e.,
persons with global, transcortical motor and transcortical sensory aphasia; Pedersen et
al., 2004), but likely a greater percentage of the aphasic population was excluded when
we consider overall aphasia severity (i.e., persons with severe aphasia). Compared to
the general aphasic population, our sample over represented the population of persons
with Broca’s, Wernicke’s, and conduction aphasia, while under representing the
population of persons with anomic aphasia (Pedersen et al., 2004). This may explain
why our group of individuals with aphasia demonstrated eye movement patterns similar
to age-matched controls and similar to the study samples reported in previous literature.
Decreased modulation of eye movements across tasks and group differences would
perhaps emerge with the inclusion of individuals with more severe deficits. These
individuals tend to have more extensive lesions that likely affect to a greater extent the
neural network responsible for oculomotor control and cognitive-linguistic processing
compared to individuals with mild to moderate aphasia.
In summary, the present study found that individuals with aphasia and agematched controls demonstrate modulation of eye movements across tasks, measured by
fixation duration and saccade amplitude. Generally, this suggests that the interaction
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between oculomotor and cognitive-linguistic mechanisms required to execute taskrelated differences in eye movements is intact in both participant groups. It is important
to consider, however, that this conclusion is based on comparing our results to those of
normal, younger individuals. Since the current study provides a first account of taskrelated changes in eye movements for persons with aphasia and normal aging
individuals, replication of the present findings is necessary to provide a better indication
of typical eye movement behavior for these groups. A lack of group effects between
individuals with aphasia and age-matched controls suggests that left hemisphere brain
damage present in individuals with aphasia does not lead to significantly different
performance in global eye movement measures, fixation duration or saccade amplitude,
at least for the tasks in the current study. This suggests that the oculomotor and
cognitive-linguistic mechanisms necessary to support making task based changes in eye
movements is unimpaired in individuals with brain damage to left hemisphere language
areas. Critically though, other than the brain damage observed in the typical aphasia
sample, we really cannot generalize the findings of this study to other brain injury
populations. These findings have important implications for clinicians and researchers
interested in using eye tracking as a measure of cognitive and language-processing in
individuals with aphasia, as eye movement patterns measured by global eye movement
measurements in this population appear to occur in a predictable and stable manner.
Future directions for this line of work may investigate cognitive or sensorymotor aspects of eye movements and task performance that may explain subtle
variations in eye movements between the age-matched group and group of individuals
with aphasia, particularly the age-matched group who demonstrated unexpected
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associations in saccade amplitude across tasks. Further, investigating performance
differences across the various aphasia subtypes would be of interest, as it is possible
that including all of the individuals with aphasia in the same group weakened potential
group effects in the present study. There may be a subgroup of individuals with aphasia
that demonstrate diminished task-related changes in eye movements, such as persons
with extensive lesions impacting multiple neural structures or persons with lesions
predominately in neural regions known to be involved in oculomotor control.
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Abstract
Purpose: This study investigated the contributions of oculomotor control and linguistic
processing to eye movement control in individuals with aphasia and concomitant alexia
during paragraph text-reading and pseudo-reading using various eye movement
measurements.

Methods: Twenty-four individuals with aphasia and 24 age-matched control participants
completed two eye tracking tasks: text-reading and pseudo-reading. Persons with
aphasia were assessed using neuropsychological assessments to determine reading
ability and acquired alexia subtype. Various eye movement measures, including saccade
amplitude, fixation duration, skipping, regressions, and initial landing sites within
words were compared across reading conditions and participant groups using exGaussian analyses, analysis of variance, and linear mixed effects modeling. Four
persons with varying degrees of reading impairment and alexia subtype, three with
phonological-deep alexia and one with surface alexia, were separately compared to the
age-matched control group in a case analysis.

Results: Group analyses revealed no main effects of task for fixation duration for mu
(µ) ex-Gaussian parameter, effects of word frequency on fixation duration, word length
effects on skipping and initial landing sites within words. Group differences emerged
for mean number of fixations and words fixated, skipping for words of 5 and 6 letter
spaces in length, and regression frequency. Case analyses revealed systematic
variability of performance across the participants. Participant 3, who scored most
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consistently with the phonological-deep alexia subtype, performed significantly
different on the most eye movement measures compared to the age-matched control
group, followed by Participant 22PD2, and then Participant 11PD3. Participant 18S,
classified as having surface alexia, did not differ significantly from the control group on
any eye movement measures.

Conclusions: These results suggest that there may be some eye movement measures that
are more sensitive to differences between groups than others, there may be significant
variability in oculomotor impairment across aphasic individuals, and that variability in
linguistic ability is likely a contributor to differences in eye movement patterns. The
results of both the group and case analyses suggest that the underlying neurological
damage, inherently different for each individual with aphasia and acquired alexia, is
likely a critical factor contributing to eye movement patterns during text-reading and
pseudo-reading. Future directions could include systematic manipulations of perceptual
and linguistic properties of the text and examine specific lesion locations and/or specific
aphasia and alexia profiles, among others.

Introduction
Reading is a complex process that involves perceptual, cognitive, and motor
systems. It is a skill that requires the coordination of visuoperceptual processes,
oculomotor control, visuospatial attention, and linguistic processing (Rayner et al.,
2012). These processing mechanisms are highly integrated and rely on a corticalsubcortical network. Brain damage that typically causes aphasia can also involve neural
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structures that are crucial for reading. Given that reading relies on both cortical and subcortical structures, brain damage involving several different regions may interrupt
processes that are necessary for normal reading (e.g., eye movement control, attentional
resource allocation, visual analysis, orthographic processing, or lexical processing).
However, it is not known if left hemisphere damage influences oculomotor control
during reading and how impaired oculomotor control interacts with language
impairment.
Stroke is the leading cause of aphasia. In broad terms, reading deficits following
stroke can be classified as pure alexia, alexia that co-occurs with aphasia, or hemianopic
alexia. Additionally, Rowe and colleagues (2011) found a large portion of stroke
patients suffer from visual impairment related to poor visual acuity, eye movement
abnormalities, or visual field loss. Although a small subset of patients was found to
have a diagnosis of alexia due to linguistic deficits, critically, 25% of these patients also
had concomitant visual impairments. Rowe and colleagues (2011) highlight a critical
need to examine visual processing and eye movements in individuals with alexia in
order to determine the impact non-linguistic deficits may have on reading.
Eye Movement and Visual Information Processing During Reading
For nearly a century, the investigation of eye movements in normal readers has
provided critical evidence regarding the interaction between oculomotor and cognitivelinguistic processes during reading. Although much of the eye movement behavior in
reading seemingly occurs independent of linguistic processing and can be attributed to
oculomotor factors (Nuthmann et al., 2007; Henderson & Luke, 2012), there is clear
evidence that eye movements are also influenced on a moment-to-moment basis by
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linguistic factors such as word frequency and predictability (Rayner, 1998, 2009). Thus,
eye movements during reading have generally been studied at two levels of processing:
the oculomotor level, where eye movements are driven by low-level visual processes
and constraints of the visual system (Vitu, 2011), and the cognitive-linguistic level,
where eye movements are considered to be driven by higher order language processes
(Liversedge & Rayner, 2011). Recently, the interaction of these two levels of
processing has been considered in a more integrated model proposed to account for both
the oculomotor and linguistic aspects of eye movements during reading (Vitu, 2011).
The eye movements of normal readers follow a characteristic scan path across
the text. Typically, normal readers’ fixations are about 200-250 milliseconds and the
average saccade size is 7-9 letter spaces. The saccade functions to bring a new region of
text into foveal vision, the center-most part of the macula responsible for our central,
sharpest vision. Most words in connected text are fixated whereas others are skipped.
Typically, content words are fixated approximately 85% of the time and function words
are fixated about 35% of the time. There is a strong relationship between word length
and the probability of fixating. As word length increases, the probability of fixating the
word increases (Rayner & McConkie, 1976; Vitu et al., 1995), whereas when word
length decreases the probability of fixating the word decreases, which in turn increases
the probability of skipping the word (Rayner, 1998; Brysbaert et al., 2005). Importantly,
Luke and Henderson (2013) found effects of word length present in both normal textreading and pseudo-reading conditions, with a more significant effect found for textreading. They suggested their findings indicate that word skipping is an oculomotor
behavior that is modulated by language processing. Thus, differences in word skipping
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as a function of word length between individuals with aphasia and age-matched control
participants during the pseudo-reading condition may suggest deficits in the functioning
of the oculomotor system in the absence of linguistic processing. Furthermore, analysis
of word skipping as a function of word length during text-reading can provide insight
into how linguistic processing modulates the oculomotor behavior observed in the
pseudo-reading condition.
Most saccades are forward moving, however about 10-15% are regressions,
which are saccades that move backwards in the text. Within-word regressions have been
suggested to indicate that the reader has difficulty processing the currently fixated word,
whereas larger regressions of more than 10 letter spaces suggest the reader had
difficulty understanding the text (Rayner, 2009). If the text is conceptually more
difficult to understand, fixation duration increases, saccade length decreases, and
frequency of regressions increases (Rayner, 1998). Regressions have been found to be
made in both normal reading and pseudo-reading conditions, which has been suggested
to support accounts for both oculomotor and cognitive processes involved during
reading (Henderson & Luke, 2012; Luke & Henderson, 2013). For this reason, we
expected that frequency of regressions and regressive saccade amplitude could be used
to inform both the functioning of oculomotor and linguistic processing systems in
individuals with aphasia. For the pseudo-reading condition, differences in frequency or
amplitude would indicate abnormal oculomotor system function since the absence of
linguistic information cannot influence the occurrence or length of regressions. In the
text-reading condition, an increase in the frequency of regressions would suggest more
difficulty understanding the text and would be indicative of linguistic processing
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deficits of individuals with aphasia compared to age-matched control participants.
Furthermore, consistent with previous literature indicating that long range regressions
also suggest difficulty comprehending the text (Rayner & Pollatsek, 2013), a mean
regressive saccade length longer for individuals with aphasia compared to age-matched
control participants in the text-reading condition would be attributed to the linguistic
processing deficits of individuals with aphasia. Therefore, we were interested in
comparing the frequency of regressions and the regressive saccade amplitude (distance
from right to left) between groups of participants.
Mindless reading. To assess the independent contributions of oculomotor and
cognitive influences on eye movement control during reading, a task called mindless
reading, or pseudo-reading, has been developed (Vitu et al., 1995). Mindless reading
involves replacing all letters in the text with the letter Z (e.g., “The cat chases the dog”
is changed to “Zzz zzz zzzzzz zzz zzz”), preserving the visuospatial layout, the length
and spacing of words of the text, while linguistic information is unavailable.
Participants are instructed to move their eyes through the text as if they were reading.
Differences between mindless reading and normal reading can be attributed to
cognitive-linguistic processing during the normal reading condition (Luke &
Henderson, 2013). Findings from previous studies examining normal reading compared
to mindless reading have revealed both similarities and differences between the two
conditions. Local measures revealed more similarities than differences; initial landing
positions of the eyes within a word or word string and refixation probability associated
with initial landing position were similar across both conditions (Rayner & Fischer,
1996; Vitu et al., 1995). However, differences in global measures were found for
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saccade amplitude, fixation duration, and frequency of word skipping (Rayner &
Fischer, 1996; Vitu et al., 1995). The importance of these findings lends support for a
model of reading that applies weight to both oculomotor and cognitive-linguistic
processes to explain eye movement behavior during reading.
Variability of the eye movement patterns observed during reading depends
on both ongoing linguistic processing and oculomotor constraints. It is already known
that linguistic impairment is present in individuals with aphasia and concomitant alexia,
which likely leads to abnormal eye movement patterns; however, it has not been
determined if oculomotor system deficits influence eye movement patterns of
individuals with aphasia during reading. To isolate the oculomotor system and examine
reading-like eye movement patterns in the absence of linguistic processing, we
examined the eye movement patterns of individuals with aphasia in a mindless reading
condition.
Neural Basis of Text Reading
A distributed network (Mesulam, 1990) of various cortical and subcortical brain
regions and connecting white-matter pathways (Binder & Mohr, 1992; Ben-Shachar et
al., 2007) are responsible for integrating the necessary perceptual, cognitive, and motor
systems required for text reading, from the initiation and maintenance of an oculomotor
scan path to word identification (Leff et al., 2000). The brain network that integrates
vision, attention, and eye movements is hypothesized to include several different
cortical areas, including the striate cortex (V1), the prestriate cortex (V2), the posterior
parietal cortex, frontal eye fields, supplementary eye fields, and dorsolateral prefrontal
cortex (Schuett et al., 2008). Subcortical regions such as the superior colliculus and
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thalamus contribute to saccadic eye movement control (Pierrot-Deseilligny et al, 1995;
Leigh & Zee, 2006). Starting most peripherally, the primary visual cortex (V1) is
essential for visually guided eye movements and word identification during reading
because it serves both the foveal and parafoveal visual fields (Leff, 2004). Activation of
the left and right striate and ventral prestriate cortex is responsible for word
identification as this is where foveal vision is represented. The left primary visual cortex
and associated V2 are required for rightward parafoveal vision, necessary for the
guidance of eye movements during reading. Visual attention is directed to the right of
the current fixation resulting in an asymmetrical span. Asymmetric activation of left
parafoveal V1 and V2 during text reading has been understood as physiological
evidence of perceptual span’s asymmetry, which is controlled by top-down attentional
factors mediated by fronto-parietal activation (Kastner et al., 1999; Leff, 2000; Russell
et al., 2004).
Consistent with a dual-stream processing framework, the ventral occipitotemporal stream is involved in high-resolution, local processing of visual features and
object recognition whereas the dorsal stream is involved in visuomotor control, and
serves as the interface between perception and action of eye movements (Milner &
Goodale, 2006). Specifically in reading, the ventral stream has been implicated in word
processing and identification processes (Poldrack et al., 1998). Activation of the foveal
part of the left and right occipital cortex (V1/V2; Brewer at al., 2005) and the left
posterior occipito-temporal junction in the inferior temporal gyrus has been associated
with these processes (Leff et al., 2001). Further, activation of the left occipito-temporal

70

areas might also be mediated by top-down influences from critical language regions in
the left hemisphere involved in reading (Powell et al., 2006).
A part of the dorsal stream, the posterior parietal cortex (PPC) generates
visuospatial representations based on bottom-up visual information from the parafoveal
visual field. These representations are used by prefrontal mechanisms to guide attention
and eye movements associated with sampling visual information from the top down
(Zihl & Hebel, 1997; Andersen & Beneo, 2003). This process mediates visuomotor
control and is considered an interface between perception and action (eye movements;
Milner & Goodale, 2006). Bilateral activation of the PPC, greater activation left
lateralized, has been suggested to reflect the online maintenance and adaption of a
sensorimotor plan required to read along each line of text (Leff et al., 2000).
The preparation of the sensorimotor plan required to move the eyes from left to
right at the beginning of each new line and with executing a return-sweep (right to left
saccades from the end of one line to the beginning of the next) has been associated with
bilateral activation of the frontal eye fields (FEF), with greater right lateralized
activation. The initiation of a return-sweep interrupts the systematic left to right
oculomotor scan path, requiring a change of the sensorimotor plan and demonstrating
flexibility of the oculomotor system. The FEFs appear critical for top down control of
the oculomotor scan paths of an over-learned behavior, such as reading direction
(Schuett et al., 2008). Importantly, cognitive and oculomotor processes have obligatory
interactions to successfully complete word identification. Thus, the length of attention
maintained at a specific location is likely influenced by this interaction, and linguistic
processing occurring in the left anterior inferior prefrontal and left temporo-parietal
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cortex may also contribute to the duration of a fixation from the top down (Posner et al.,
1999).
Central Alexia
Alexia, often co-occuring with aphasia, refers to an acquired disturbance in
reading, defined as the loss or impairment of the ability to comprehend written or
printed language caused by brain damage (Ardila & Benson, 1996). In a recent study by
Brookshire and colleagues (2014), 68% of individuals with aphasia (N=99) met criteria
for a diagnosis of alexia, suggesting that a considerable number of patients with aphasia
also present with alexia. Contemporary views of alexia view it as being rooted in
language impairment and traditional assessment and treatment approaches have been
developed with this view in mind. However, many individuals with chronic alexia
demonstrate negligible benefit following treatment and have demonstrated particular
resistance to traditional treatment approaches (e.g., Cherney, 2004, 2010), suggesting
there may be additional contributing factors, such as impaired oculomotor control.
Although many studies have examined acquired alexia, relatively few studies have
focused specifically on the visual system, especially saccadic eye movements and
whether visual system interruption impacts reading in patients with aphasia (but see
Schattka et al., 2010; Ablinger et al., 2013). Reading relies on three different levels of
processing: visual, orthographic, and lexical (Hillis & Carmazza, 1992). Given the
distributed nature of neural function required for reading and the commonly widespread
lesions of individuals with aphasia and alexia, it seems essential to evaluate reading at
the level of visual processing in individuals with alexia before inferring impairment at
the orthographic or lexical levels.
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Reading performance in central alexia. Several computational models have
been proposed to account for the processing mechanism of normal reading and spelling
(e.g., SM89 model proposed by Seidenberg & McClelland, 1989; triangle models
proposed by Plaut et al., 1996; dual-route cascade model proposed by Coltheart et al.,
2001). Generally, each of these models proposes that after initial letter identification,
normal reading proceeds along two linguistically distinct routes, the direct and indirect
route. The direct route (lexical route) assumes that the written word is associated with a
visual word in the lexical memory. In other words, the string of letters is matched to an
abstract representation of the orthographic composition of the word form, to which the
meaning of the written word can be associated. The indirect route (non-lexical route)
assumes that the written word is transformed into a spoken word following a graphophonemic set of rules, and the meaning of the word is attained through its phonological
mediation (Benson & Ardila, 1996). More recently, these models have been used to
explain differences in alexia subtypes.
A common approach to distinguishing between impairment of the direct or
indirect route of reading involves linguistic error analysis of single word oral reading
(Leff & Starrfelt, 2014). Surface alexia is a result of impairment at the level of the direct
route, and is determined by production of phonological non-words (neologisms), due to
the substitution, additions, or omission of phonemes, or to the regularization of words
(e.g., “pint” pronounced as a word that rhymes with “mint”). Individuals with surface
alexia can typically read pseudo-words with regular orthography better than real words
with irregular orthography. In comparison, deep alexia occurs as a result of impairment
at the level of the indirect route; thus, whole word errors are often made based on
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visual, lexical, semantic or morphological similarity. Individuals with deep alexia also
have difficulty reading abstract words and are essentially unable to read pseudo-words.
Phonological alexia is viewed as a less severe form of deep alexia without semantic
errors (Leff & Starrfelt, 2014).
Reading eye movements in central alexia. Eye tracking methods have been
critical to informing the role of oculomotor and linguistic processes in reading (Rayner,
1998; Radach & Kennedy, 2004). Atypical patterns of eye movements of individuals
with alexia have received relatively minimal attention in the literature (Huber et al.,
1983; Klingelhofer & Conrad, 1984; Lass et al., 1984; Guillot et al., 1987). Further,
very few studies have only focused on patients with pure alexia, which is not
representative of the alexia population as a whole, as it is difficult to generalize findings
from eye movement measures of individuals with pure alexia to individuals with central
alexia.
Schattka and colleagues (2010) examined oral single word reading times and
local fixation patterns to distinguish between segmental (i.e., surface) and lexical (i.e.,
phonological/deep) readers, and whether the different types of alexia demonstrated a
preferred reading strategy. Reading by individuals with surface alexia was characterized
by deviant spatial distribution of saccadic landing positions with initial fixations located
mainly at the beginning of the word, while phonological-deep readers showed
normative preferred landing positions left to the center of the words. Interestingly, word
length did not distinguish between persons with surface and phonological-deep alexia,
whereas the authors hypothesized increasing word length would be more problematic
for persons with surface alexia; however, persons with phonological-deep alexia did

74

show prolonged mean fixation duration of first pass reading supporting expected word
frequency effects. Deviant landing positions by persons with surface alexia was
attributed to the reading strategy of these readers rather than eye movement control.
Despite two of the three persons with surface alexia having lesions affecting the frontal
eye fields, the authors noted that other spatial eye movement parameters were within
normal range of average skilled readers. These findings render interest and motivation
to further examine both temporal and spatial eye movement patterns in individuals with
alexia, particularly as measuring eye movements has the potential to reveal diagnostic
features for specific alexia subtypes.
Eye movement impairment may be present in individuals with aphasia,
particularly during reading. First, individuals with aphasia may have damage to brain
regions that play a role in oculomotor control (e.g., frontal eye fields; Schall & Cohen,
2011), or regions that interface with the visual system (e.g., angular gyrus; McCandliss
et al., 2003), which may result in impaired motor programming and execution of
saccades, and visual processing. Secondly, individuals with aphasia have damage to
brain regions that play a more crucial role in linguistic processing (e.g., left inferior
front gyrus; Jobard et al., 2003). Evidence of these impairments would likely be
revealed in measures of the patients’ saccade amplitudes and fixation durations during
reading tasks. Previous research has shown that pseudo-reading elicits basic eye
movement behavior that in many ways is similar to eye movements in normal reading
(Rayner & Fischer, 1996; Nuthmann et al., 2007; Nuthmann & Engbert, 2009;
Henderson & Luke, 2012), and therefore, provides a condition for investigating
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sequential scanning eye movements while controlling for processes associated with
linguistic and semantic analysis (Hillen et al., 2013).
This study sought to investigate the contributions of oculomotor control and
linguistic processing to eye movement control in individuals with alexia during
connected text-reading and pseudo-reading using global and local eye movement
measurements. Pseudo-reading served as a scanning task, to elicit a reading-like scan
path, while controlling for linguistic processing and providing a measure of oculomotor
control. We examined specifically how global characteristics of eye movements such as
saccade amplitude and fixation duration differed across reading conditions, as well as
compared these characteristics between individuals with alexia and age-matched
controls, and across alexia subtypes. We also examined local eye movement parameters,
such as skipping, regressions, and initial landing sites within words across the same
groups. We hypothesized that individuals with alexia would demonstrate different eye
movement characteristics in both reading conditions compared to age-matched controls.
In addition, we predicted that eye movement patterns, particularly during the normal
reading condition, would distinguish between alexia subtypes.

Methods
Participants
Twenty-four individuals with aphasia (8 individuals with Broca’s aphasia, 8
individuals with anomic aphasia, 5 individuals with Wernicke’s aphasia, 3 individuals
with conduction aphasia) and 24 age-matched individuals were recruited to participate
in the present study. All participants with aphasia suffered a left hemisphere stroke and
have no history of neurological and speech-language or reading disorders prior to their
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stroke. All participants were right handed. Patterns of language impairment and severity
was assessed using the Western Aphasia Battery-Revised (WAB-R; Kertesz, 1982). A
visual case history and screening of the visual system was completed for each
participant with aphasia (Hallowell, 2008), with the exception of one participant who
chose to discontinue study participation for personal reasons and did not complete the
behavioral assessment portion of the study. Demographic information for persons with
aphasia is shown in Appendix A. A visual case history and screening of the visual
system was completed for each participant with aphasia (Hallowell, 2008), which
determined whether visual acuity was adequate for study participation. Appendix B
describes the results of the visual screening.
To distinguish alexia subtypes, reading was assessed using subtests of the
Psycholinguistic Assessments of Language Processing in Aphasia (PALPA; Kay et al.
2009). The selected PALPA subtests reflect a similar battery used in the literature to
distinguish between surface and phonological-deep alexia, and included subtests: 31
(frequency x imageability), 32 (word class), 34 (morphological structure), 35 (spelling
regularity), 36 (pronounceable pseudo-words), and 38 (homophones) (Kim et al., 2011;
Beeson et al., 2010; Crisp & Lambon Ralph, 2006). Participants’ PALPA subtest scores
are listed in Appendix C. To determine alexia subtype, scores from seven tests were
used based on the administered PALPA subtests: 1) word imageability, 2) word
frequency, 3) word class, 4) spelling regularity, 5) morphological structure, 6) reading
of pronounceable pseudo-words, and 7) homophone definition.
For pronounceable pseudo-words and word class, participants were considered
impaired if they performed greater than two standard deviations below mean
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performance of the normative sample (M=22.88, SD=.72). Chi square tests were
computed for the five other tests separately and for each participant to examine whether
effects of imageability, word frequency, spelling regularity, morphological structure,
and defining homophones were present. Results from these analyses are summarized in
Appendix D. For each of the seven tests, the participants were assigned to have either
surface alexia or phonologic-deep alexia based on their performance. The assignment of
the same alexia subtype on a minimum of four out of seven tests indicated the overall
alexia type assignment. Based on this method, 22 persons were diagnosed as having
phonological-deep alexia and one person with surface alexia (1 participant was
unavailable to complete the behavioral testing). The assigned alexia subtype for each
participant is shown in Table 3.1.
The age-matched control participants were native monolingual speakers of
English, and reported normal or corrected to normal visual acuity and no history of
neurological, speech-language or reading disorders. Cognition of age-matched control
participants, age 55 or older, was screened using the Mini Mental State Examination
(MMSE, Folstein et al., 1975). All control participants scored within normal limits on
the MMSE. Reading skills were not formally assessed in the age-matched control
group, however, given the text-reading paragraphs were on average at the 8th grade
reading level, all age-matched control participants had a minimum of a high school
education, and for the eleven participants who completed reading comprehension
questions associated with the text-reading paragraphs, the mean performance was 91%
accuracy, therefore, we determined that reading skills for this group was adequate for
study inclusion. All age-matched control participants read the instructions for each task
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on the eye tracker stimulus presentation screen and indicated they had no difficulty
viewing the stimuli for each task. This served as a visual screening to determine that
visual acuity was adequate for study inclusion for age-matched control participants.
The Author’s Recognition Test (ART; Acheson et al., 2008) was used to provide a
measure of pre-stroke reading skills for persons with aphasia compared to the agematched participants. The ART is a list of authors intermixed with a set of foils in
which participants are asked to indicate which items they recognize as the names of real
authors. The ART has been found to be a quick and informative assessment of reading
skill and habits, and has been validated as good indicators of individual differences in
exposure to print (Stanovich & Cunningham, 1992; West et al., 1993). The ART has
also been related to measures of phonological and orthographic skills. We considered
the ART an appropriate measure of pre-stroke print exposure as the persons with
aphasia likely encountered authors on the ART prior to their stroke. For persons with
aphasia, the experimenter also read the items aloud and repeated items as needed. The
means and standard deviations for ART scores are listed in Table 2.1 (Chapter 2). An
independent samples t-test indicated that there was an effect for participant group, t(45)
= 3.20, p=.003, with the age-matched group earning significantly higher scores than
persons with aphasia on the ART. All participants gave signed informed consent
approved by the University of South Carolina Institutional Review Board for study
participation.
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Table 3.1. Participant alexia subtype assignment based on PALPA subtest performance
Tests:
1) Imageability, 2) Frequency, 3) Word Class, 4) Morphological Structure,
5) Spelling Regularity, 6) Pronounceable Pseudo-words, 7) Homophone Definition
Participant
Number
1
2
3
4
5
6
7
1
P-D
P-D
P-D
P-D
P-D
S
P-D
3
P-D
P-D
P-D
P-D
P-D
S
P-D
4
P-D
P-D
P-D
P-D
P-D
S
P-D
5
P-D
S
P-D
P-D
P-D
S
P-D
6
P-D
P-D
P-D
P-D
P-D
S
P-D
7
P-D
S
P-D
P-D
P-D
S
P-D
8
P-D
P-D
P-D
P-D
P-D
S
P-D
10
P-D
P-D
P-D
P-D
P-D
S
P-D
11
P-D
P-D
S
P-D
P-D
S
P-D
12
P-D
P-D
P-D
P-D
P-D
S
P-D
13
P-D
P-D
P-D
P-D
P-D
S
P-D
14
P-D
S
P-D
P-D
P-D
S
P-D
15
P-D
P-D
P-D
P-D
P-D
S
P-D
16
P-D
P-D
P-D
P-D
P-D
S
P-D
17
P-D
P-D
P-D
P-D
P-D
S
P-D
18
P-D
S
S
P-D
P-D
S
S
19
P-D
P-D
P-D
P-D
P-D
S
P-D
20
P-D
P-D
P-D
P-D
P-D
S
P-D
21
P-D
P-D
P-D
P-D
P-D
S
P-D
22
P-D
P-D
P-D
P-D
P-D
S
P-D
23
P-D
P-D
P-D
P-D
P-D
S
P-D
24
P-D
S
P-D
P-D
P-D
S
P-D
25
P-D
P-D
P-D
P-D
P-D
S
P-D
Note: P-D stands for the Phonological-Deep alexia subtype; S stands for the Surface subtype

Alexia Subtype
Designation
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Surface
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep
Phonological-Deep

minimize head movements. Participants sat 90 cm away from a 20-inch monitor with a
refresh rate of 140 Hz. The experiment was controlled with SR Research Experiment
Builder software.
Stimuli
Stimuli consisted of 70 total texts. For text-reading, 35 English text passages
were presented. The text paragraphs were obtained from online newspapers and
magazines, ranged from 40-60 words in length, and were at approximately the 8th grade
reading level. They were presented at approximately 3.5 characters subtended 1° of
visual angle. For pseudo-reading, 35 text paragraphs were converted into pseudo-text
using a custom font in which each letter is replaced by a geometric shape that preserves
word location and word shapes but eliminates meaning (Henderson & Luke, 2012;
Henderson et al., 2013; Luke & Henderson, 2013). Pseudo-text size was the same as the
normal text in the text-reading condition, and both reading conditions presented fonts
that were mono-spaced, and all letters, words, and lines of text appeared in exactly the
same location regardless of font.
Procedure
Participants viewed all stimuli with both eyes, although eye movements were
recorded from only one. When possible, the right eye was recorded, unless there was
difficulty calibrating or there was a significant medical history involving the right eye
(e.g., cataract surgery). For the group of individuals with aphasia, the right eye was
recorded for 16 individuals, and the left eye for eight. For the age-matched control
group, the right eye was recorded for 23 individuals, and the left eye for one. Each
participant, regardless of group, completed both eye tracking tasks as part of the larger
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eye tracking battery. Tasks were completed in the same order, pseudo-reading then textreading. Each task was completed in one block for a total of two blocks. The stimuli
within each block were the same for each participant and presented in the same order.
Each task adhered to the following sequence. The trial began with a fixation
marker in the upper left corner (approximately where the start of the paragraph was
located) for a calibration check. Once the eye tracker detected a stable fixation, the
stimulus was presented. Because the data collected in the current study were collected at
different times, slight modifications to the paradigm were made. Participants 1-15
viewed each stimulus for 12 seconds before it was removed from the screen.
Participants 16-24 were able to end the trial early by looking at a marked interest area at
the end of the paragraph. This modification was made to the paradigm to minimize rereading of the text and to reduce the likelihood of multiple eye movement measures for
each word. Following each trial, the screen became blank and the next calibration
screen appeared. If the calibration was not accurate, the participant was recalibrated and
validated and then returned to the individual trial calibration screen.
Participant directions were task specific. For pseudo-reading, participants were
instructed to move their eyes through the pseudo-texts as if they were reading, which
are standard instructions given in mindless reading tasks (Nuthmann et al., 2007;
Henderson & Luke, 2012; Luke & Henderson, 2013). For text-reading, participants
were instructed to silently read paragraphs of text. A portion of the participants (10
persons with aphasia, 11 age-matched control participants) completed reading
comprehension questions between each text-reading trial. An example line of text and
pseudo-reading text was shown to participants prior to starting the experimental trials to
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ensure visibility of the stimulus. Instructions for each task were provided in multiple
modalities (i.e., verbal, written, and picture cues) as needed, in addition to examples and
demonstrations of each task. The experimenter determined whether the participant
understood the instructions for the upcoming task by monitoring eye movements
carefully for the first three trials of each task, as a screening measure, to ensure the
participants were completing the task as instructed. Eye movements were monitored
throughout the trials to ensure task completion.
Data Analysis for Fixation Duration
To examine the influence of task on mean fixation duration for each group, the
fixation duration distributions were first entered into a response time distributional
analysis (Balota and Yap, 2011). This analysis fits participants’ response time data with
an ex-Gaussian distribution (Ratcliff, 1979), which is the convolution of normal
(Gaussian) and exponential distributions, with two parameters representing the normal
components (µ, the mean, and σ, the standard deviation) and a single exponential
parameter (τ). Any changes in µ and σ indicate changes in the normal component of the
distribution (a shifting of the mean or widening of the distribution), whereas differences
in τ indicate increased skewness to the right. Ex-Gaussian distributions have been
shown to provide a good fit to eye movement data (e.g., Luke et al., 2013; Staub, 2011;
Staub et al., 2010; White and Staub, 2012). The ex-Gaussian distribution was fit to the
data from each participant in each participant group for each task using R (R
Development Core Team, 2012). The results are reported below.
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Results
The eye movement measures examined in the present study were chosen
because they have been shown to identify the spatial (saccades) and temporal (fixations)
characteristics of eye movement behavior during reading, particularly to examine the
influence of low-level oculomotor factors or cognitive-linguistic factors during reading
(Vitu et al., 1995; Rayner & Fischer, 1996; Luke & Henderson, 2013). The pseudoreading condition was used to provide information about the oculomotor behavior in the
absence of lexical processing that can be compared to the eye movement behavior in the
text-reading condition. The eye movement measures described below are not the only
measures that have been used for characterizing the contributions of oculomotor control
and cognitive-linguistic processing during reading. Nonetheless, the current study is the
first to characterize the eye movement behavior of individuals with aphasia in reading
and pseudo-reading conditions. Therefore, we expected that the eye movement
measures chosen in the present study would provide a detailed first account of how
oculomotor control and linguistic processing influence the eye movement patterns of
individuals with aphasia and concomitant alexia during reading. For all analyses
described below, only eye movements from the readers’ first pass through the textreading and pseudo-reading, the paragraphs was analyzed, and regressive saccades were
excluded from all analyses with the exception of the regression frequency and
regression amplitude. In addition, all pairwise comparisons were Bonferroni corrected.
Group Analyses
Global analyses. The global analyses were derived from the average fixation
duration and average saccade amplitude. Results from these analyses characterize the

84

overall reading strategy, and informed whether the eyes are guided by a global
oculomotor strategy (Rayner & Fischer, 1996).
Fixation duration and saccade amplitude. Fixation duration and saccade
amplitude in text-reading provide a global measure of how difficult a text is to process,
more difficult texts typically lead to longer fixation durations and shorter saccade
amplitudes (Rayner, 1998). In addition, fixation duration has been found to be
consistently longer for pseudo-reading conditions suggesting that normal readers, in
fact, have an easier time deciding when to move the eyes to fixate the next word when
lexical information is available (Rayner & Fischer, 1996). Therefore, measures of
fixation duration and saccade amplitude for individuals with aphasia in text-reading
compared to pseudo-reading conditions can indicate, generally, how linguistic
processing deficits impact text comprehension, although text comprehension is not
reported as part of the present study. In addition, fixation duration can indicate the ease
to which individuals with aphasia program and execute eye movements in order to
fixate the next word.
Fixation duration. The overall mean fixation duration and ex-Gaussian
parameters for each task and group can be found in 2.2 in Chapter 2. Ex-Gaussian
parameters were calculated for each participant and task and entered into a 2 (Task:
Text-reading, pseudo-reading) X 2 (Group: Individuals with aphasia, age-matched
controls) mixed model analysis of variance (ANOVA) separately for each ex-Gaussian
parameter. For µ, we found no significant main effect for task (p=.925) or group
(p=.945), and there was also not a significant interaction (p=.146). For σ, a significant
main effect was found for task, F(1, 46)=5.857, p =.020, indicated by a significantly
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larger σ value for text-reading compared to pseudo-reading. There was no main effect
of group (p=. 748) or task by group interaction (p=.704). For τ, we found no significant
main effect for task (p=.915) or group (p=.306), and there was also not a significant
interaction (p=.322). Overall, this analysis revealed that for all components of the exGaussian distribution (µ, the mean, σ, the standard deviation, and τ, the skewness) for
fixation duration there were no significant differences across groups. Although not
significant, the mean fixation duration, reported alone and not as part of the exGaussian distribution (column labeled Mean in Table 2.2. in Chapter 2), demonstrated
trends that have been reported in previous literature, longer fixation duration for
pseudo-reading compared to text-reading (Rayner & Fischer, 1996). This was consistent
for both participant groups.
Saccade amplitude. To examine the influence of task on mean saccade
amplitude, a 2 (Task: Text-reading, pseudo-reading) X 2 (Group: Individuals with
aphasia, age-matched controls) mixed model ANOVA was conducted. A significant
main effect of task was found (F(1, 46)=9.044, p=.004) indicating significantly larger
saccade amplitude for pseudo-reading (M=4.809, SE=.154) compared to text-reading
(M=4.368, SE=.111). There was no main effect of group (p=.105) or task by group
interaction (p=.565). This finding is consistent with results of Luke and Henderson
(2014), who also reported significantly larger saccade amplitudes for pseudo-reading
compared to text-reading.
Mean number of fixations and mean number of fixated words. Previous
research has found that younger, normal individuals make a greater number of fixations
and fixate more words in normal reading compared to pseudo-reading (Luke &
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Henderson, 2013). Analysis of the number of fixations and number of words fixated can
provide insight into the stability of the oculomotor system in individuals with aphasia;
oculomotor system deficits may be evident by differences in the number of fixations
and the number of word targets fixated in the pseudo-reading condition compared to
age-matched controls. For example, fewer fixations in pseudo-reading for individuals
with aphasia may suggest an impairment of programming the systematic left-to-right
eye movement scan path observed even in the absence of linguistic processing. In the
text-reading condition, similar to fixation duration, the number of fixations and words
fixated provide insight into the difficulty of the text being processed; the more difficult
the text is to process the greater number of total fixations and words will be fixated.
Mean number of fixations. To analyze mean number of fixations per trial a 2
(Task: Text-reading, pseudo-reading) x 2 (Group: Persons with aphasia, age-matched
controls) mixed model ANOVA was conducted. A significant main effect of task (F(1,
46)=300.845, p<.001) and group (F(1, 46)=6.870, p=.012) was found. Readers made
significantly greater number of fixations per trial during pseudo-reading (M=28.297,
SE=.932) compared to text-reading (M=16.486, SE=.511). Persons with aphasia made
significantly fewer fixations per trial (M=20.752, SE=.885) compared to the agematched control group (M=24.031, SE=.885). There was no significant task by group
interaction (p=.849). Mean number of fixations for each task and participant group is
shown in Figure 3.1.
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Mean Number of
Fixations
Per Trial
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Text-Reading
Reading

Pseudo-Reading
Task

Figure 3.1. Mean number of fixations per trial; error bars indicate
standard error.
umber of fixated words per
Mean number of fixated words. To examine mean number
trial, a 2 (Task: Text-reading,
reading, pseudo
pseudo-reading) x 2 (Group: Persons with aphasia, ageage
matched controls) mixed model ANOVA was conducted. A significant main effect of
task (F(1, 46)=194.615, p<.001)
<.001) and group (F(1, 46)=5.637, p=.022) was found.
Readers fixated a significantly greater number of words (or blocked
blocked-word
word shapes in the
th
pseudo-reading
reading condition) per trial during pseudo
pseudo-reading (M=22.395, SE=.
=.775)
compared to text-reading (M
M=12.969, SE=.482).
=.482). Persons with aphasia fixated
significantly fewer words per trial ((M=16.378, SE=.777)
=.777) compared to the age-matched
age
control group (M=18.987, SE
SE=.777). There was no significant task by group interaction
(p=.423). Mean number of fixated words for each task and participant group is shown
in Figure 3.2.
Fixation duration
uration as a function of word frequency and length. To examine
how word frequency and word length influence fixation duration, a linear mixed effects
model was performed using the lme4 package ((Bates,
Bates, Maechler, and Bolker, 2012)
2012 in R
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Figure 3.2. Mean number of fixated words per trial; error bars indicate
standard error.
(R Development Core Team, 2012) with participant included as a random effect.
Random effects structures were fit using likelihood ratio tests, and they included
random intercepts (by participant) and slopes that contributed to the model. The
T fixedeffects structures and interactions that were significant ((p<.05)
<.05) remained in the model;
factors were modeled using dummy coding. Results of this analysis revealed only a
significant effect of word frequency (coeff.=-2.50, SE=.69, t= -3.632), indicating
cating words
of lower frequency were fixated for longer duration compared to words of higher
frequency. Noo effects of participant group ((coeff.= -4.532757, SE= 16.598284,
16.598284 t= 0.273) or word length (coeff.
coeff.= -0.732146, SE= -0.732146, t= -0.517) were significant.
There were also no significant interactions.
Local analyses. The local analyses focused on effects of visual factors, such as
target (i.e., word) length to characterize the eye movement strategy of participants.
Results were derived from the probability of skipping a target, the landing positions in a
target, and regressions.
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Skipping as a function of word length. Words of 5 varying lengths in letter
spaces were examined for this analysis: ≤3, 4, 5, 6, and ≥7 letter characters. To examine
word skipping as a function of word length, a 2 (Group: Individuals with aphasia, agematched controls) x 2 (Task: Text-reading, pseudo-reading) x 5 (Word length: ≤3, 4, 5,
6, ≥7 letter characters) mixed model ANOVA was conducted. Participant group was the
between-subjects factor; reading condition and word length were included as withinsubjects factors. This analysis revealed significant main effects of word length [F(4,
184)=631.984, p<.001] and reading condition [F(1, 46)=117.734, p<.001], but not
participant group (p=.087). For word length, these results are consistent with previous
literature (Rayner & McConkie, 1976; Vitu et al., 1995) in that words of shorter length
were skipped with significantly greater frequency than longer words. Each word length
group was skipped at significantly different rate than the other word lengths. For
reading condition, significantly more words were skipped in the pseudo-reading
condition (M=.502, SE=.017) compared to the text-reading condition (M=.333,
SE=.015).
There were significant word length by participant group [F(4, 184)=3.675,
p=.027] and word length by reading condition [F(4, 184)=17.504, p<.001] interactions;
however, there was not a significant reading condition by participant group interaction
(p=.320), nor a significant three-way interaction with word length, reading condition,
and participant group (p=.203). Figure 3.3 shows the results of the word length by
participant group interaction indicating that individuals with aphasia skip words of five
[t(46)=2.064, p=.045] and six letter spaces [t(46)=2.039, p=.047] and with significantly
greater frequency compared to age-matched controls, while there is no significant
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difference in skipping frequency between the groups for words of less than or equal to
three letter spaces (p=.783),
=.783), four letter spaces ((p=.061),
=.061), or greater than or equal to seven
letter spaces (p=.102).
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0.3
0.2
0.1
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4
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6
Word Length in Letter Spaces

≥7

Figure 3.3. Word length by participant group interaction; error bars
indicate standard error.
The word length by reading condition interaction is shown in Figure 3.4, which
shows how skipping frequency changes as a function of both reading condition and
word length. Although significant differences are present between text
text-reading
reading and
pseudo-reading
reading for each word length (all p>.001), there is less difference in skipping
rate between text-reading
reading and pseudo
pseudo-reading for words of three letter spaces or less,
while greater differences between the reading conditions for words that are four letter
spaces in length and longer.
Regression frequency.
requency. To examine frequency of regressions, the proportion of
saccades per trial that were reg
regressive were entered into a 2 (Group: Individuals
ndividuals with
aphasia, age-matched
matched controls) x 2 ((Task: Text-reading, pseudo-reading)
reading) mixed model
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Figure 3.4. Word length by reading condition interaction; error bars
indicate standard error.
ANOVA. A significant main effect of group (F(1, 46)=4.337, p=.043)
=.043) was found,
indicating that persons with aphasia ((M=.138, SE=.009)
=.009) regress significantly more
frequently than the age-matched
matched controls ((M=.111, SE=.009).
=.009). There was no significant
main effect of task (p=.084)
.084) or task by group interaction ((p=.793). Figure 3.5
3. shows the
regression frequency for each participant group and reading task.
Regression amplitude.
mplitude. Mean values for regressive saccade amplitude were
calculated for both groups and reading conditions. These values were entered into a 2
(Group: Individuals with aphasia, age
age-matched controls) x 2 (Task: Text-reading,
reading,
pseudo-reading)
reading) mixed model ANOVA. No significant main effect of task (p=.242)
(
or
group (p=.778)
=.778) was found. There was also no significant task by group interaction
(p=.934). The regression frequency for both participant groups and reading tasks is
shown in Figure 3.5.
Initial landing sites
ites in words. This is defined as the location of where the first
saccade ends in the word in the text
text-reading
reading condition or string in the pseudo-reading
pseudo
condition. During reading, the eyes generally land between the beginning and the
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Figure 3.5. Regression frequency for both participant groups and reading
tasks; error bars indicate standard error
error.
middle of words. This location is called the preferred landing position (McConkie et al.,
1988; Rayner, 1979; Vitu et al., 1990). Landing in a position other than the preferred
landing position often leads to refixation on that word and/or increased reading time.
Previous studies report no differences in initial landing position between pseudopseudo
reading and normal text-reading
reading conditions, and that readers fixate at the preferred
landing
ing position regardless of reading condition (Vitu et al., 1995; Rayner & Fischer,
1996, Luke & Henderson, 2013). These findings suggest that initial landing position is
an eye movement behavior that is resistant to the influence of linguistic processing,
thereby serving as an ideal measure of oculomotor control. Therefore, differences in
initial landing position between individuals with aphasia and age
age-matched
matched control
participants, particularly during the pseudo
pseudo-reading
reading condition, would be indicative of
oculomotor
ulomotor system deficits. Consistent with Luke and Henderson (2013), the following
analysis standardized the initial landing position across various lengths of words by
dividing the absolute landing position by the length of the word or string. A value of 0

93

being the beginning of the word, 1 being the end of the word, and 0.5 being the center
of the word. A 2 (Group: Individuals with aphasia, age-matched controls) x 2 (Task:
Text-reading, pseudo-reading) x 3 (Landing position: Beginning, middle, or end) mixed
model ANOVA was conducted to examine the initial landing sites in words across
conditions and groups. A significant main effect was found for landing position (F(1,
46)=48.242, p<.001), with a significantly greater proportion of saccades landing at the
beginning of the word (M=.391, SE=.007), followed by the middle of the word
(M=.327, SE=.007), and the smallest proportion of saccades landing at the end of the
word (M=.282, SE=.005). There was not a significant main effect of task (p>.05) or
participant group (p>.05). There were also no significant interactions (all p>.05).
Results of all of the above analyses are summarized below in Table 3.2.
Analyses for Alexia Type
Alexia typology implies that different cognitive mechanisms that support
reading can be differentially affected by brain damage. Accordingly, it is reasonable to
suggest that oculomotor and linguistic impairment may contribute differently among
different alexia types. Select analyses from those completed above were also completed
to compare differences across subtypes of alexia that were described based on the dual
route cascade model of reading: surface and phonological-deep alexia (Coltheart, 2006;
Coltheart et al., 2001). To represent the variability across individuals with acquired
alexia and within specific alexia subtypes, four persons with alexia with varying
performance on the seven tests: 1) word imageability, 2) word frequency, 3) word class,
4) spelling regularity, 5) morphological structure, 6) reading of pronounceable pseudowords, and 7) homophone definition, were selected for comparison to the control group,

94

Table 3.2. Summary of results for group analyses comparing group of persons with
alexia to age-matched control group for reading measures.

Main Effect
of Task

Main Effect
of Group

Task x Group
Interaction

--

--

--

p=.02

--

--

--

--

--

Saccade Amplitude
Number of Fixations

p<.01
p<.01

-p=.01

---

Number of Fixated Words

p<.01

p=.02

--

Regression Frequency

--

p=.04

--

Regression Amplitude

--

--

--

Measure
Fixation Duration
ex-Gaussian Parameters
Mu
Sigma
Tau

Main Effects
Fixation Duration as a
Function of Word
Frequency & Word Length

Word Frequency
Word Length
Participant Group

p<.05
---

Interactions
-- No significant interactions
Main Effects
Word Skipping Frequency
as a Function of Word
Length

Word Length
Task
Participant Group

p<.01
p<.01
--

Interactions
Word Length x Participant Group
Word Length x Reading Task
Reading Task x Participant Group
Word Length x Reading Task x
Participant Group

p=.03
p<.01
---

Main Effects
Initial Landing Sites
Within Words

Landing Position
Task
Participant Group

p<.01
---

Interactions
-- No significant interactions

Note: -- represents comparisons that were non-significant at the p<.05 level
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three assigned to the phonological-deep alexia group and one individual assigned to the
surface alexia group. Participant 3 (P3PD1) scored consistent with phonological-deep
alexia on six out of seven tests; Participant 22 (P22PD2) scored consistent with
phonological-deep alexia on five out of seven tests; and Participant 11 (P11PD3) scored
consistent with phonological-deep alexia on four out of seven tests. Participant 18
(P18S) performed consistent with surface alexia on four out of seven tests.
Each of these four persons with alexia was treated as a single case and compared
directly to the age-matched control group. Crawford and colleagues’ (2010) Singlelims
program, which tests whether an individual’s score is significantly different from a
control sample (Crawford et al., 2010), was used to compare each person with alexia to
the control group for the following analyses. The Singlelims program was selected
because it uses methods that treats the control sample statistics as statistics rather than
as parameters (Crawford & Howell, 1998) and controls the Type I error rate regardless
of the size of the control sample. It is has also been shown to be robust even against
very severe skew and /or leptokurtosis (Crawford et al, 2006), and not only tests
whether an individual’s score is significantly below controls, it provides a point
estimate and confidence limits of the abnormality of the score (Crawford & Garthwaite,
2002). Results
are summarized below and in Table 3.3. Detailed statistics comparing each individual’s
score to the age-matched control group can be found in Appendix D.
Fixation duration and saccade amplitude. The mean fixation duration and
mean saccade amplitude of all four persons with alexia did not differ significantly from
the age-matched control group in either text-reading (fixation duration - all p>.26;
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saccade amplitude - all p>.45) or pseudo-reading (fixation duration - all p>.09; saccade
amplitude - all p>.30).
Mean number of fixations and mean number of fixated words. For mean
number of fixations and mean number of fixated words, there were no differences in
persons with alexia compared to the age-matched control group for the text-reading task
(mean number of fixations – all p>.35; mean number of fixated words – all p>.24).
P3PD1 was the only individual who differed significantly from the control group for the
pseudo-reading task with a significantly lower mean number of fixations (p=.01) and
fixated words (p<.01).
Skipping as a function of word length. Words of 5 varying lengths in letter
spaces were examined for this analysis: ≤3, 4, 5, 6, and ≥7 letter characters. For each
word length and reading task, P3PD1 skipped words significantly more frequently than
the age-matched control group (all p<.04). For text-reading, P22PD2 skipped words
significantly more frequently than the control group for words of 4, 5, 6, and 7 or
greater letter spaces (all p<.01). For pseudo-reading, P22PD2 skipped words significantly
more frequently than the control group for words of 6 letter characters (p=.05). P11PD3
only skipped words of 6 letters spaces significantly more frequently than the control
group during text-reading (p<.01). P18S did not differ from the control group for either
reading task or any word length.
Regression frequency and regression amplitude. P3PD1 regressed
significantly more frequently in the text-reading condition compared to the control
group (p<.01). P3PD1 and P11PD3 regressed significantly more frequently in the pseudoreading condition compared to the control group (both p≤.01). P22PD2 and P18S did not
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differ from the control group in terms of regression frequency for either reading task.
For the amplitude of regressions in both text-reading and pseudo-reading, no persons
with alexia differed significantly from the control group (all p>.06).
Initial landing sites in words. The persons with alexia did not differ
significantly from the control group for the proportion of fixations landing at the
beginning of words (all p>.14). In addition, for the proportion of fixations landing in the
middle and ends of words in the text-reading task, the persons with alexia did not differ
from the control group (all p>.10). The only significant difference in initial landing sites
in words was in the pseudo-reading task. P11PD3 had a significantly less proportion of
initial landing sites in the middle of words (p=.05), and a significantly greater
proportion of initial landing sites in the end of words (p=.01) compared to the agematched control group for the pseudo-reading task.
In summary, by comparing various eye movement parameters of individuals
from the different alexia subtypes and within the same alexia subtype to the agematched control group, a systematic variability of performance emerged across the
participants. Recall that Participant 3PD1 scored most consistent with the phonologicaldeep alexia subtype, followed by Participant 22PD2, and lastly, Participant 11PD3, who
scored consistent with the phonological-deep alexia subtype, but on only four out of
seven tests. Participant 18S was the individual who scored most consistent with surface
alexia.
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Table 3.3. Summary of results comparing persons with alexia to age-matched control
group for reading measures.

Alexia Subtype
Phonological-Deep
P3PD1
P22PD2
P11PD3
Text
Pseudo
Text
Pseudo
Text
Pseudo

Measure

Surface
P18S
Text Pseudo

Fixation Duration

--

--

--

--

--

--

--

--

Saccade Amplitude
Number of
Fixations
Number of Fixated
Words
Word Skipping
Frequency
≤ 3 Letter spaces
4 Letter spaces

--

--

--

--

--

--

--

--

--

p=.01

--

--

--

--

--

--

--

p<.01

--

--

--

--

--

--

p=.04

p=.03

--

--

--

--

--

--

p<.01

p=.03

p<.01

--

--

--

--

--

5 Letter spaces

p<.01

p=.02

p<.01

p=.06

--

--

--

--

6 Letter spaces

p<.01

p<.01

p<.01

p=.05

p<.01

--

--

--

≥ 7 Letter spaces
Regression
Frequency
Regression
Amplitude
Initial Landing Site

p<.01

p<.01

p<.01

--

--

--

--

--

p<.01

p<.01

--

--

--

p<.01

--

--

--

--

--

--

--

--

--

--

Beginning

--

--

--

--

--

--

--

--

Middle

--

--

--

--

--

p=.05

--

--

End

--

--

--

--

--

p=.01

--

--

Note: -- represents comparisons that were non-significant at the p<.05 level
Discussion
This study examined the contributions of oculomotor control and linguistic
processing to the eye movement patterns in individuals with alexia during paragraph
text-reading and pseudo-reading. We used eye movement measurements that provide
both a general, global characterization of oculomotor and linguistic processing, such as
fixation duration and saccade amplitude. Additionally, we used measures that provided
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a more sensitive examination of processing, such as skipping, regressions, and initial
landing sites within words. A pseudo-reading task was used to elicit a reading-like scan
path while controlling for linguistic processing and providing a measure of oculomotor
control. We examined specifically how these various eye movement measures differ
across reading conditions, and compared these characteristics between individuals with
alexia and age-matched controls.
Group Analyses
Overall, the results of both global and local eye movement measures for the
group comparisons were variable when compared to previous research and in the
context of our hypotheses. Compared to previous studies, the present results are
consistent with 1) the absence of a main effect of task for fixation duration, 2) a
significant main effect of task for saccade amplitude, 3) effects of word frequency on
fixation duration, 4) word length effects on skipping, and 5) initial landing sites within
words. Consistent with our hypotheses, group differences emerged between persons
with aphasia and the age-matched control participants for 1) mean number of fixations,
2) mean number of words fixated, 3) skipping for words of 5 and 6 letter spaces in
length, and 4) regression frequency, while no other group differences emerged for the
other eye movement measures.
Although the current results were mixed with regard to group and task
differences on the eye movement measures examined in the current study, some
findings suggest oculomotor control and linguistic deficits in individuals with aphasia
co-occur. First, individuals with aphasia made significantly fewer fixations per trial and
fixated on significantly fewer words per trial compared to the age-matched control
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group, which may indicate the presence of text-processing and/or oculomotor
programming difficulty in the group of individuals with aphasia. Although we
hypothesized that individuals with aphasia would make a greater number of fixations
and fixate on a greater number of words compared to the age-matched controls, it may
be the case that individuals with aphasia are fixating less due to an impaired ability to
program and execute eye movements. This is evident in the pseudo-reading condition,
where individuals with aphasia made fewer fixations and fixated fewer words. This
indicates that in the absence of linguistic processing, oculomotor deficits are present.
Alternatively, fixating fewer words per trial, particularly in the text-reading condition,
may be the result of longer average fixations per word, although not significantly longer
compared to the age-matched controls or related to skipping words with greater
frequency, and therefore fixating fewer words across the entire trial. Future studies may
seek to examine the relationship between fixation duration and number of words fixated
during reading.
The second result that suggests oculomotor control and linguistic deficits cooccur in individuals with aphasia is the effects of word length on word skipping. The
word skipping effect has been shown in normal text-reading and pseudo-reading tasks
(Luke and Henderson, 2013), which implies that word skipping is an oculomotor
behavior that is modulated by language processing during text-reading. Our results
revealed that individuals with aphasia skip words of five and six letter spaces regardless
of reading condition with significantly greater frequency compared to age-matched
controls. Because this effect was for participant group and not task, greater frequency of
word skipping for words of five and six letters may in fact be an underlying oculomotor
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problem that is evident in both pseudo-reading and text-reading tasks. To further
examine the effect of skipping for five and six letter words, a post hoc analysis for the
frequency of occurrence of each word length group in the text-reading condition was
completed. This was to determine if words of five and six letter words appear more
frequently than words of other lengths. However, it does not appear that word length
occurrence can explain the differences across groups. Word frequency may contribute
to the differences, with words of five and six letters being of lower frequency compared
to words of less than or equal to three letter spaces or four letter spaces. This does not
hold true for words of seven or more letters, which has overall the lowest word
frequency value. If frequency is influencing word skipping, it appears that individuals
with aphasia are skipping words of lower frequency because, at least in the text-reading
condition, these words are perhaps linguistically harder to process. Nonetheless, this
would not explain the skipping pattern in the pseudo-reading condition where word
frequency is not a factor. In both the text-reading and pseudo-reading conditions, words
of seven letters or more may not be skipped significantly more than age-matched
controls because the target is sufficiently large so that even an unstable oculomotor
system could fixate a word of this length. Nonetheless, these differences suggest that
there are deficits in the functioning of the oculomotor system in the absence of
linguistic processing, which then carry over to the text-reading condition, at least for
words of five and six letters in length. Future studies may examine how linguistic
characteristics of words and perceptual properties such as font style and size influence
word skipping in individuals with aphasia, and how this is modulated by word length.
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The third result that reflects potential oculomotor and linguistic deficits in
individuals with aphasia is the finding of greater regression frequency compared to the
age-matched participants. Regressions have been found to be made in both normal
reading and pseudo-reading conditions, which has been suggested to support accounts
for both oculomotor and cognitive processes involved during reading (Henderson &
Luke, 2012; Luke & Henderson, 2013). Consistent with our hypotheses, we found that
individuals with aphasia regress at a greater frequency than age-matched controls. It is
important to consider that these were main effects of participant group; therefore, the
results were collapsed across both reading condition. Since there was no difference
between reading conditions, it may suggest an abnormal functioning of the oculomotor
system observed in the pseudo-reading condition, which then carries over to the textreading condition. In addition, there is potential for increased regression frequency due
to linguistic deficits and increased difficulty understanding the text.
It is worth noting that the group of individuals with aphasia scored significantly
lower on the Author’s Recognition Test (Acheson et al., 2008) compared to the agematched participants. This implies that prior to their stroke persons with aphasia likely
had less print and reading exposure. While this finding could explain some of the group
differences reported here, it does not explain the differences in eye movement measures
for the pseudo-reading condition or the results for eye movement measures that were
similar across the two participant groups.
Despite our predictions of the contrary, the group of individuals with aphasia
demonstrated some eye movement measures that were similar to the age-matched
control group and previously reported results in young, college-aged individuals.
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Consistencies of the present study’s results, both for individuals with aphasia and the
age-matched group compared to previous literature were evident in the lack of main
effect of task for fixation duration for mu (µ), a significant main effect of task for
saccade amplitude, effects of word frequency on fixation duration, word length effects
on skipping, and initial landing sites within words. There are a few potential reasons for
these consistencies between the eye movement behavior of individuals with aphasia and
age-matched controls compared to that of college-aged, neurologically intact
individuals, including some potential limitations of the current study. Because this is the
first study of this kind, we chose to compare a group of individuals with varying types
and severity of aphasia to an age-matched group; however, in doing so we may have
lost some sensitivity to detect group differences. Future studies might seek to recruit
larger participant samples of specific aphasia subtypes or persons with lesion profiles
that may be more indicative of oculomotor deficits (e.g., individuals with lesions clearly
in locations such as FEF or parietal eye fields). Along these lines, the group of
individuals with aphasia recruited here was limited to individuals with mild to
moderately severe aphasia. For methodological considerations, this ensured participants
would have language comprehension abilities adequate to understand the instructions to
complete each task and to undergo the eye tracking calibration procedures. This limited
our study sample to individuals with more intact language and reading skills, and
overall less severe impairments. This may explain why our group of individuals with
aphasia demonstrated eye movement patterns similar to age-matched controls and
similar to some previous research in normal younger individuals. It also appears some
eye movement measures are more sensitive to differences than others, as our results
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show mean fixation duration is not as likely to pick up on task and group differences
compared to some other measures such as frequency of regressions and work skipping.
Furthermore, because the group of individuals with aphasia and age-matched control
group demonstrated a similar amount of variance across eye movement measures, this
may have impacted our ability to detect group differences. Whereas, if the age-matched
group had demonstrated less variance in their eye movement patterns compared to the
group of individuals with aphasia, more significant group differences may have
emerged.
Lastly, it is interesting that the age-matched control group did not demonstrate
the same pattern of mean number of fixations and mean number of fixated words that
has been found in college-aged, neurologically intact individuals (Luke & Henderson,
2013). While the younger, normal individuals made more fixations and fixated a greater
number of words during text-reading, the age-matched group in the current study made
more fixations and fixated a greater number of words in pseudo-reading compared to
text-reading. This suggests that there may be age related changes in processing that
influence eye movements during reading and reading-like tasks.
Case Analyses for Alexia Subtypes
Our method for diagnosing alexia subtypes revealed 22 persons with
phonological-deep alexia and one person with surface alexia. This distribution of alexia
subtypes is consistent with previous studies that included larger sample sizes of aphasic
participants (Price et al., 2010; Brookshire et al., 2014). Our finding of a consistent
distribution of alexia subtypes is important because it shows that the results of these

105

previous studies are replicable despite the methods used to diagnose alexia not being
entirely consistent across studies.
For the case analyses, we selected three persons with phonological-deep alexia
who differed regarding their performance on the seven tests used to assign alexia
subtype, and one person with surface alexia (Participant 18S). Participant 3PD1 scored
most consistent with the phonological-deep alexia subtype, followed by Participant
22PD2, and lastly, Participant 11PD3, who scored consistent with the phonological-deep
alexia subtype on only four of the seven tests. It was important to select three
individuals from the same subtype because, as our results indicated, even within the
same alexia subtype group there was considerable variability in the patterns of eye
movements compared to the age-matched control group.
As with the group analyses, mean fixation duration and saccade amplitude did
not differ between persons with alexia and the age-matched control group. This
suggests that either these global eye movement measures are not sufficiently sensitive to
detect differences between persons with alexia and normal control participants, or that
the mechanisms that support fixation duration and saccade amplitude across textreading and pseudo-reading are intact in individuals with acquired alexia. For mean
number of fixations and mean number of fixated words, there were no differences in
persons with alexia compared to the age-matched control group for text-reading;
however, Participant 3PD1 differed significantly from the control group for the pseudoreading task with a significantly lower mean number of fixations and fixated words.
This finding is interesting because it suggests there is a component to pseudo-reading
that is not necessarily impacting Participant 3PD1’s mean number of fixations and mean
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number of fixated words during text-reading. Fewer fixations in pseudo-reading
suggests an impairment of programming the systematic left-to-right eye movement scan
path that is observed even in the absence of linguistic processing in the pseudo-reading
task. However, perhaps this difficulty is resolved when linguistic information is present
in the text-reading condition, which is why significant differences are not present
between Participant 3PD1 and the age-matched group for text-reading. Alternatively,
various additional factors such as task order, task directions, or fatigue may also explain
this result.
Consistent with the mean number of fixations and number of words fixated,
Participant 3PD1 was significantly different from the age-matched group for regression
frequency and demonstrated a greater number of differences for word skipping than
other persons with alexia. Word skipping appeared to be a sensitive measure of alexia
type and within subtype variability. Participant 3PD1 who scored most consistent with
phonological-deep alexia skipped words with significantly greater frequency than the
age-matched controls for all word lengths and both reading conditions. Participant 22PD2
and Participant 11PD3 who scored consistent with phonologic-deep alexia on fewer tests
than Participant 3PD1, performed closer to normal in terms of their significant
differences for word skipping compared to the age-matched group. Participant 18S, the
only participant in our sample with surface alexia, did not differ from the age-matched
group for word skipping. Consider these results in comparison to the group analyses,
which only revealed group differences in word skipping for words of five and six letters
in length. Not only do the results of the case studies highlight the potential
shortcomings of group analyses and thus the importance of examining cases in this
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population of individuals (Schwartz & Dell, 2010), but they suggest that there may be
eye movement measures, in this case word skipping, that are more sensitive to
variability within alexia subtypes compared to the PALPA subtests. Lastly, Participant
11PD3 regressed significantly more frequently and had more variability in initial landing
positions in words for the pseudo-reading condition compared to the control group
(significantly less proportion of initial landing sites in the middle of words; significantly
greater proportion of initial landing sites in the end of words). All other persons with
alexia in the case analysis did not demonstrate any differences in landing position
compared to the age-matched control group. Previous studies have well-documented the
preferred landing position (i.e., between the beginning and the middle of words;
McConkie et al., 1988; Rayner, 1979; Vitu et al., 1990), and have indicated no
differences in landing position between pseudo-reading and normal text-reading
conditions (Vitu et al., 1995; Rayner & Fischer, 1996, Luke & Henderson, 2013). These
studies have suggested that initial landing position is an eye movement behavior that is
resistant to the influence of linguistic processing, thereby serving as an ideal measure of
oculomotor control. Thus, the variability in initial landing position observed for
Participant 11PD3, particularly in the pseudo-reading condition, likely reflects instability
in the oculomotor system which is not under the influence of linguistic processing.
The eye movement patterns observed for persons with alexia compared to the
age-matched control group, particularly for the pseudo-reading task, may be an
indication that there is a subset of individuals who have oculomotor deficits that
otherwise are lost in the group analysis. In the current study, individuals with test results
most consistent with the phonological-deep alexia subtype were indicated as this subset.
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These oculomotor deficits may carry over and contribute to difficulty in text processing.
Furthermore, the variability in results that we reported across and within alexia subtype
implies that the underlying neurological damage, inherently different for each
individual with aphasia and acquired alexia, is likely a critical factor contributing to eye
movement patterns during text-reading and pseudo-reading. The implication to
researchers and clinicians who use eye tracking to characterize linguistic processing in
individuals with aphasia and acquired reading disorders is that they may use caution
when grouping participants with varying symptom profiles together as sensitivity to
differential performance may be lost. Additionally, caution may be used when using
paradigms that require precise oculomotor movements as the current study has revealed
extensive variability across participants. Lastly, it appears that traditional methods for
classification of alexia subtypes are lacking the ability to detect variability among
persons with the same diagnosis of alexia, while the eye movement results reported in
the current study highlight clear differences among persons diagnosed with the same
type of alexia.
Summary
The group analyses of both global and local eye movement measures revealed
mixed results when compared to previous research & our hypotheses. Consistent with
previous studies, we found an absence of a main effect of task for fixation duration, a
significant main effect of task for saccade amplitude, effects of word frequency on
fixation duration, word length effects on skipping, and initial landing sites within
words. These findings emerged for both participant groups. Contrary to our hypotheses,
group differences between individuals with aphasia and the age-matched group only
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emerged for mean number of fixations, mean number of words fixated, skipping for
words of five and six letter spaces in length, and regression frequency. These results
imply that there may be some eye movement measures that are more sensitive to group
differences than others, there is significant variability in oculomotor impairment across
persons with aphasia and concomitant alexia, and that variability in linguistic ability is
likely a contributor to differences in eye movement patterns. However, it is important to
point out that the group analyses could potentially lack sensitivity. The case analyses
revealed that some persons with phonological-deep alexia demonstrate greater eye
movement differences, although with varying degrees, compared to age-matched
control participants; while the person with surface alexia did not differ from the agematched control group on any of the eye movement measures examined in the current
study. These results suggest that the underlying neurological damage, which is
inherently different for each individual with aphasia and acquired alexia, is likely a
critical factor contributing to eye movement patterns during text-reading and pseudoreading. Because typographical and perceptual properties of the text are known to
influence eye movements (e.g., more difficult to encode fonts result in longer fixations,
shorter saccades, and more regressions; Rayner, Reichle, Stroud, Williams & Pollatsek,
2006; Slattery & Rayner, 2010), future directions of this work could manipulate
variables such as font, size, and spacing of the text, in addition to examining linguistic
properties such as word frequency effects on skipping. Furthermore, examining specific
lesion locations and/or specific aphasia and alexia profiles with larger participant
samples, particularly for persons with acquired alexia who demonstrated differences
from the control group (i.e., phonological-deep alexia) could provide additional insight
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into the critical neural regions for oculomotor and linguistic mechanisms involved in
reading. Lastly, although there are several additional directions for further research, it
would be informative to examine whether the eye movement measures that isolate
oculomotor function predict eye movement behavior during tasks that involve linguistic
processing.
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Chapter 4
Eye Movements During Scene Perception
in Individuals with Aphasia1

1

Smith, K G., Schmidt, J., Henderson, J.M., and Fridriksson, J. To be submitted to
Stroke.
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Abstract
Purpose: The purpose of this study was to examine the eye movement patterns of
individuals with aphasia during scene perception, specifically how eye movements
change as a function of task within the same stimulus type.

Methods: Twenty-four individuals with aphasia and 24 age-matched individuals
participated in two eye tracking experiments – scene memorization and scene search.
Color photographs were presented depicting complex indoor and outdoor real-world
scenes. Fixation duration, saccade amplitude, the spatial distribution of eye movements
across the scenes, and elapsed time to first saccade were the eye movement measures
examined for each task and participant group.

Results: For fixation duration, no main effects of task or group and no significant
interactions were revealed. Similar results were found for mean saccade amplitude and
time elapsed to the first saccade: No significant main effects of task or group or
significant interactions. The spatial distribution of eye movements across the scenes
revealed main effects of task, with more interest areas fixated for the scene search task
compared to scene memorization, but no differences between the participant groups or
significant interactions.
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Conclusions: The results suggest that scene perception that does not explicitly rely on
language processing is not impaired in individuals with aphasia. Future studies in this
area may manipulate task difficulty, examine the effects of aging on eye movements
during scene perception, or manipulate cognitive-linguistic factors during scenes and
picture perception in individuals with aphasia.

Introduction
Eye tracking methods can provide insight into the interaction between visual and
cognitive processes that guide the eyes during scene perception and real-world vision.
Models of scene perception attribute oculomotor- and stimulus-based factors (Itti &
Koch, 2000, 2001; Parkhurst et al., 2002) and cognitive processes (Land & Hayhoe,
2001; Henderson, 2007) as driving gaze control in scene perception. More recent
evidence suggests influence of cognitive processes on the earliest stages of eye
movements, implying that cognitive processes may override low-level stimulus features
(Henderson & Ferreira, 2004). Even within the same stimulus type, as in real-world
scenes, eye movements have been found to be systematic and constrained by the
viewer’s task and goals, such as scene memorization compared to scene search (Yarbus,
1967; Henderson & Hollingworth, 1998; Vo & Henderson, 2009).
Assessments and treatments of individuals with aphasia often incorporate tasks
involving scene viewing. For example, picture description is one of the primary means
for eliciting connected speech from individuals with aphasia (Correia et al., 1990). The
Minnesota Test for Differential Diagnosis of Aphasia (MTDDA; Schuell, 1972), the
Western Aphasia Battery-Revised (WAB-R; Kertesz, 1982), and the Boston Diagnostic
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Aphasia Examination (BDAE; Goodglass & Kaplan, 1983) all contain subtests that
require patients to describe a picture scene (see Figure 4.1). A treatment task for
individuals with aphasia involving scene viewing is shown in Figure 4.2 (Johnson,
2009). Furthermore, the use of scene viewing in eye tracking studies of aphasia is
increasing (i.e., visual word paradigms; Dickey et al., 2007; Dickey & Thompson,
2009). However, it is unclear at this time if individuals with aphasia demonstrate similar
gaze patterns as normal individuals during scene perception, particularly in the absence
of overt language processing. Eye movements by aphasic individuals may differ from
normal viewers in part due to oculomotor system deficits, nonlinguistic cognitive
problems such as impaired attention, or the specific task the individual must complete,
such as visual search. Furthermore, some evidence suggests individuals with aphasia are
more impaired on visual search tasks compared to normal controls (Fink et al., 2006).
These findings coupled with the critical need to characterize how the eye movements of
individuals with aphasia change as a function of task during scene viewing, provide
motivation for studying eye movements in scene perception of individuals with aphasia.
Gaze control is critical during scene perception for several reasons (Henderson,
2007). First, vision is an active process in which the viewer seeks out task-relevant
visual information. This active process (i.e., eye movements) ensures that high quality
visual information is available when it is needed. Second, eye movements can serve as a
window into the integrity of the attentional system. Attention plays a fundamental role
in visual and cognitive processing, and eye movements are an overt behavioral indicator
of attention allocation within a scene. Third, eye fixation can provide an anchor for
cognitive processes such as language processing; for example, viewers will typically
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Figure 4.1. From top to bottom, speech elicitation pictures
from the Boston Diagnostic Aphasia Examination, Minnesota
Test for Differential Diagnosis of Aphasia, Western Aphasia
Battery. Adapted from Correia and colleagues (1990).
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a)

b)

c)

Figure 4.2. Example of a treatment task for individuals with aphasia involving scene
viewing; a) auditory comprehension prompts provided by clinician, b) verbal expression
prompts provided by clinician, c) picture scene. Adapted from Results for Aphasia Book
1 (Johnson, 2001).
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look at an object as it is mentioned by a speaker. In some cases, fixating on an object or
a scene may facilitate spoken language processing. Lastly, the link between eye
movements and cognitive processes such as attention and language processing provides
an unobtrusive, sensitive, real-time behavioral index of ongoing visual and cognitive
processing (Henderson, 2003, 2007). For these reasons, it is imperative to characterize
the eye movements of individuals with aphasia during scene perception more generally
first and examine how basic manipulations of task demand influence the eye movement
patterns, followed by specific investigations of how eye movements change as online
language processing unfolds.
There are two theoretical accounts of gaze control in active scene perception,
‘stimulus-based’ and ‘cognitive sources.’ Much of the focus on gaze control during
scene perception has focused on stimulus-based features as the driving force of eye
movements throughout a scene. Thus, models of scene perception have predominately
focused on the role of stimulus based features in determining fixation location within a
scene (Koch & Ullman, 1985; Itti & Koch, 2000, 2001; Parkhurst et al., 2002); for
example, a bright area in a scene may attract the eyes due to visual saliency alone
(Henderson, 2007). This approach to gaze control in scene perception was instigated by
research in attention, which implicated the “pop out” effect responsible for guiding the
eye movements through a scene. In addition, the modeling of stimulus-based features
are inherently easier to model than cognitive factors, and thus computational models of
scene perception were initially developed with a stimulus-based framework (Henderson,
2007). Despite stimulus-based characteristics influencing gaze control to some extent, a
model based only on this account does not fully account for eye movement patterns
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during scene perception. More recent evidence suggests that cognitive control factors,
such as the task or goals of the viewer, may play a more integral role in gaze control
and influence eye movements to a greater extent than stimulus-based features
(Henderson & Ferreira, 2004; Torralba et al., 2006).
Short term and episodic memory of the current scene, stored long-term
semantic, visual, and spatial information about other similar scenes, and the goals and
plans of the viewer based on a particular task are considered critical components to
current models of scene perception. Indeed, fixation position is driven less by bottomup stimulus features when the scene is meaningfully and actively viewed (Land &
Hayhoe, 2001). Even within the same stimulus (e.g., real world scenes), fixation
patterns vary based on the task (Castelhano et al., 2009). For example, average fixation
duration and saccade amplitude have been found to differ depending on whether an
individual is engaged in a search task compared to viewing the scene in preparation for
a memory test (Castelhano et al., 2009; Henderson & Hollingworth, 1999; Henderson,
Weeks, Hollingworth, 1999).
Castelhano and colleagues (2009) reported results for scene memorization and
scene search tasks that can inform oculomotor system integrity, strategy implementation
for the search task, and attentional processes in individuals with aphasia. Specifically,
the parameter time elapsed to first saccade execution reflects the time the viewer takes
to plan and program the first saccade of the task. Significant differences in this
parameter among individuals with aphasia and age-matched controls may suggest an
impaired oculomotor system and/or a lack of strategy implementation for the search
task compared to the scene memorization task. The spatial distribution of fixations in a
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scene may determine what portions of the scene were informative and attended to by the
viewer, which can provide insight to attentional processes of individuals with aphasia.
Most patients with aphasia demonstrate generalized deficits in attention (HelmEstabrooks, 2002; Murray, 2002) and may also present with specific visual attention
deficits (Tompkins, 1995). These factors may influence how they view a scene across
different tasks, such as scene memorization or visual search. Visual attention deficits
may affect the accuracy and efficiency of an individuals’ strategy to complete the task,
which can be reflected in aberrant eye movement patterns. Perhaps, individuals with
aphasia take longer to initiate a strategy based on the task, or due to cognitive-linguistic
impairment, the difference in eye movement patterns between tasks will be diminished
demonstrating a more domain general eye movement pattern as opposed to task specific
or domain specific.
Nearly any language task involving a scene or other kinds of picture viewing
requires combining scene perception and visual search. This is true for both
comprehension and production tasks. During comprehension tasks, participants must
first process linguistic information (i.e., auditory stimuli) prior to initiating visual search
for the associated object or objects within the scene to fixate. For example, in Figure
4.2a (page 81) the first Sentence Comprehension item is “This person extracts teeth.”
The patient would be instructed to “point to all of the pictures that match each
description”. The patient would first process this sentence, and a correct response would
yield a fixation on the dentist in Figure 4.2c, followed by pointing to the dentist. In
production tasks, when a participant verbally produces a response to a stimulus, visual
information in a scene is viewed in a systematic way before producing a verbal
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response. First, the participant must search for either visually salient information or task
specific information, and then language production may be initiated. For example, in
Figure 4.2b (page 81), the first Open Sentence Completion with a Phrase item is “The
hygienist told her to_______”. Prior to providing a verbal response to the prompt (e.g.,
open her mouth) and in order to successfully complete this task, participants would
fixate on the hygienist first followed by the woman in the chair. Provided these
scenarios, it is straightforward to appreciate why it might be important to evaluate gaze
control during scene perception in persons with aphasia, particularly if eye movement
parameters are intended to be used as evidence for online language processing in this
population.
Left Hemisphere Language Areas Contribute to Visual Search
Visual search involves the same types of eye movements as other visualcognitive tasks, such as reading and scene perception. Although a precise account of
when and where the eyes move in visual search has not emerged, Rayner (1995)
suggested that a viewer’s saccades are triggered based on an online decision process: Is
the target present in the decision process of perceptual span? If it is not, a new saccade
is programmed to move the eyes to a new location that has not been examined. Visual
search is an important scene-viewing task to consider; it is an activity humans engage in
as part of their everyday lives (i.e., looking for car keys, finding the desired food item at
the grocery store). However, to effectively engage in visual search components of the
visual system, attention, and eye movement control must be intact. Although much of
the visual search literature in stroke has focused on individuals with hemi-inattention
and homonymous hemianoptic as a result of right hemisphere stroke, there is evidence
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to suggest that left hemisphere brain regions sometimes damaged in individuals with
aphasia are involved in visual search tasks (Teuber & Weinsten, 1956; Russo &
Vignolo, 1967; Orgass et al., 1972; Fink et al., 2006).
Considerable evidence supports the claim that left hemisphere language areas
are not only dedicated to language processing. Teuber and Weinsten (1956)
demonstrated that impairment on the embedded (or hidden) figures task (EFT) could
occur due to damage of any lobe of the brain in either hemisphere. Importantly, they
found that patients with aphasia were significantly more impaired than brain-injured
persons without aphasia. This finding has been replicated by others (Russo & Vignolo,
1967; Orgass et al., 1972). Manjaly and colleagues (2003) completed an fMRI study to
identify brain areas that specifically support the EFT. Not surprisingly, they found
regions previously associated with visual search (spatial attention shifts) in the superior
parietal cortex (Corbetta et al., 1995; Corbetta & Shulman, 2002), and regions
associated with object based visual attention, the inferior parietal cortex (Fink et al.,
1996; Weber et al., 2000), were involved in completing the EFT. Importantly, the
inferior parietal areas highlighted by Manjaly and colleagues are adjacent to or overlap
with posterior left hemisphere language areas (Damasio & Geschwind, 1984; Binder et
al., 1997). The left inferior frontal gyrus (LIFG) was also activated during the EFT task,
thus implicating the LIFG as a critical area for local visual search. One of the
hypotheses Manjaly and colleagues proposed to explain these findings is based on the
idea of “neural context” (McIntosh, 2000; McIntosh et al., 2003). Under this notion, a
specific cortical region can differentially contribute to various cognitive processes
because it is active in several neural circuits depending on the context and task (Fink et
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al., 2006). Upon a secondary analysis to test this hypothesis, this group found that the
left posterior portion of the inferior frontal gyrus (pIFG) was not exclusively linked to
language processing; rather, the pIFG cooperates with areas that normally support
visuospatial functions. They concluded that the changes in coupling with left pIFG
reflect functional changes in a more general visuospatial network and are due to the
different demands that the two tasks place on the specific visuospatial processes. More
generally, the findings suggest that depending on the task demands, the left pIFG can
contribute to cognitive operations other than language processing.
For the purpose of aphasia assessment or treatment, local search tasks such as
the embedded figures task are not particularly ecological. Therefore, the experiment
proposed here will involve visual search in real world scenes. Although the tasks are not
the same, the findings from Manjaly and colleagues (2003) suggest that distributed
brain regions responsible for a local search task are impaired in individuals with
aphasia.
In summary, both perceptual and cognitive processes necessary for efficient and
accurate scene perception, particularly visual search, may be impaired in individuals
with aphasia. Eye movements provide an online measure of task manipulations, but also
can reflect abnormal eye movement patterns in individuals with aphasia compared to
normal viewers. The use of scenes and search tasks as part of assessment, treatment,
and research stimuli, as well as the application to everyday tasks like search for car
keys, icons on a computer screen, food items in the grocery store, demonstrates a
critical need to examine the eye movements of individuals with aphasia completing
scene perception tasks. Further, the evidence regarding left hemisphere language area’s
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involvement in visual search provides support for a hypothesis of impaired eye
movements in individuals with aphasia during search tasks. However, it is unclear if the
eye movements of individuals with aphasia respond to varying task demands, and/or
whether strategy specific eye movement patterns are present in the absence of direct
linguistic processing.
The purpose of the current experiment was to examine the eye movement
patterns of individuals with aphasia during scene perception, specifically how the eye
movements change as a function of task within the same stimulus type, and if damage to
left hemisphere language areas influence visual search. We compared the eye
movement patterns of individuals with aphasia to an age-matched group during scene
memorization and scene search using various eye movement parameters.
Methods
Participants
Twenty-four individuals with aphasia (8 individuals with Broca’s aphasia, 8
individuals with anomic aphasia, 5 individuals with Wernicke’s aphasia, 3 individuals
with conduction aphasia) and 24 age-matched control subjects were recruited. All
participants with aphasia suffered a left hemisphere stroke and have no history of
neurological and speech-language prior to their stroke. All participants were right
handed. Patterns of language impairment were assessed using the Western Aphasia
Battery-Revised (WAB-R; Kertesz, 1982). A visual case history and screening of the
visual system was completed for each participant with aphasia (Hallowell, 2008), with
the exception of one participant who chose to discontinue study participation for
personal reasons and did not complete the behavioral assessment portion of the study.
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Demographic information for persons with aphasia is shown in Appendix A. A visual
case history and screening of the visual system was completed for each participant with
aphasia (Hallowell, 2008), which determined whether visual acuity was adequate for
study participation. Appendix B describes the results of the visual screening.
All age-matched control participants were native monolingual speakers of
English, reported normal or corrected to normal visual acuity, reported no history of
neurological disorder or significant visual history, and no speech-language or reading
disorders. The Mini Mental State Examination (MMSE, Folstein et al., 1975) was used
to screen cognition in age-matched control participants, age 55 and older, and all
participants who were screened passed. All age-matched control participants read the
instructions for each task on the eye tracker stimulus presentation screen and indicated
they had no difficulty viewing the stimuli for each task. This served as a visual
screening to determine that visual acuity was adequate for study inclusion for agematched control participants. All participants gave signed informed consent approved
by the University of South Carolina Institutional Review Board for study participation.
Apparatus
Eye movements were recorded using an SR Research Eyelink 1000 eye tracker
(spatial resolution: 0.01°) sampling at 1000 Hz. Chin and head rests were used to
minimize head movements. Participants sat 90 cm away from a 20-inch monitor with a
refresh rate of 140 Hz. The experiment was controlled with SR Research Experiment
Builder software.
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Stimuli
For scene memorization, 60 full color photographs were presented depicting
complex indoor and outdoor real-world scenes (see Figure 2.1a for an example
stimulus). For scene search, 60 scenes similar to those of scene memorization were also
used. While the scenes were not the same across the two tasks, they were selected from
the same pool of pictures and the indoor-outdoor ratio was selected with same
frequency for each task. Half of the scenes were indoor real-world scenes and half were
outdoor real-word scenes. Two thirds of the search scenes had a grey colored circle
embedded in them (size 14, Times New Roman; see Figure 2.1b for an example
stimulus). The circle was pseudo-randomly embedded in each scene to ensure that the
circle appeared approximately randomly distributed in space across the scenes. For one
third of the scenes, no circle was present (target absent trials).
Procedure
Participants viewed all stimuli with both eyes, although eye movements were
recorded from only one. When possible, the right eye was recorded, unless there was
difficulty calibrating or there was a significant medical history involving the right eye
(e.g., cataract surgery). For the group of individuals with aphasia, the right eye was
recorded for 16 individuals, and the left eye for eight. For the age-matched control
group, the right eye was recorded for 23 individuals, and the left eye for one. All
participants completed both eye tracking tasks in the same order: scene memorization,
then scene search. Each task was completed in one block for a total of two blocks. The
stimuli within each block were the same for each participant and presented in the same
order.
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Each trial adhered to the following sequence. The trial began with a fixation
marker at screen center for a calibration check. Once a stable fixation was detected by
the eye tracker, the stimulus was presented. The participant viewed each stimulus for 12
seconds before it was removed from the screen, except in scene search trials when
participants ended the trial earlier by pressing the response button when they found the
search icon. On purpose, the search task was made very demanding and, therefore, it
was expected most search trials would last the full 12 seconds. Following each trial, the
screen became blank and the next calibration screen appeared. If the calibration was not
accurate, the participant was recalibrated and validated and then returned to the
individual trial calibration screen.
Data Analysis for Fixation Duration
To examine the influence of task on mean fixation duration for each group, the
fixation duration distributions were first entered into a response time distributional
analysis (Balota and Yap, 2011). This analysis fits participants’ response time data with
an ex-Gaussian distribution (Ratcliff, 1979), which is the convolution of normal
(Gaussian) and exponential distributions, with two parameters representing the normal
components (µ, the mean, and σ, the standard deviation) and a single exponential
parameter (τ). Any changes in µ and σ indicate changes in the normal component of the
distribution (a shifting of the mean or widening of the distribution), whereas differences
in τ indicate increased skewness to the right. Ex-Gaussian distributions have been
shown to provide a good fit to eye movement data (e.g., Luke et al., 2013; Staub, 2011;
Staub et al., 2010; White and Staub, 2012). The ex-Gaussian distribution was fit to the
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data from each participant in each participant group for each task using R (R
Development Core Team, 2012).
Results
Eye movement measures were analyzed from scene onset to timer expiration or
button press that ended the trial. The following analyses were completed to provide a
global overview of eye movements during each of the tasks.
Fixation Duration
The overall mean fixation duration and ex-Gaussian parameters for each task
and group can be found in Table 2.2 in Chapter 2. The ex-Gaussian parameters for each
participant and task for fixation duration were entered into a 2 (Task: Scene
memorization, scene search) X 2 (Group: Individuals with aphasia, age-matched
controls) mixed model ANOVA separately for each ex-Gaussian parameter. For the exGaussian mu (µ) value for fixation duration, we did not find a significant main effect of
task (p=.116) or group (p=.408), and there was also not a significant group by task
interaction (p=.505). For ex-Gaussian sigma (σ) value for fixation duration, we did not
find a significant main effect of task (p=.247) or group (p=.287), and there was not a
significant group by task interaction (p=.326). Lastly, for the ex-Gaussian tau (τ) value
for fixation duration, a significant main effect of task (p=.398) and group (p=.383) was
not found, neither was significant group by task interaction (p=.349). Figure 4.3 shows
the ex-Gaussian values for each parameter, task and group.
Saccade Amplitude
Mean saccade amplitude for each task and group are listed in Table 2.3 in
Chapter 2. To examine the influence of task on mean saccade amplitude, a 2 (Task:
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Figure 4.3.. The values for each ex
ex-Gaussian parameter, task, and group;
a) values for µ,, b) values for σ, and c) values for τ; error bars indicate
standard error.
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age
controls) mixed model ANOVA was conducted. There was no significant main effect of
task (p=.887) or group (p=.645),
=.645), and there was not a significant group by task
interaction (p=.712). Figure 4.4 shows the mean saccade amplitude for each task and
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Figure 4.4.. Mean saccade amplitude for each task and participant group;
error bars indicate standard error
error.

Spatial Distribution of Eye
ye Movements
A grid of 16 interest areas was applied to each scene for both tasks.. The
proportion of visited interest areas for each trial was calculated and entered into a 2
(Task: Scene memorization, scene search) X 2 (Group: Individuals with aphasia, ageage
matched controls) mixed model ANOVA. A significant main effect of task (F(1,
(
46)=20.667, p<.001)
<.001) was found
found. Pairwise comparisons revealed significantly fewer
interest areas fixated for the scene memorization ((M=.671, SE=.012)
=.012) task compared to
scene search (M=.727, SE=.011)
=.011) after correcting for multiple comparisons. There was
no significant
ficant main effect of group ((p=.209)
=.209) and no significant task by group interaction
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(p=.875). The proportion of visited interest areas for each task and participant group are
shown in Figure 4.5.
Elapsed Time to First Saccade Execution
Participants do not only gather the gist of the scene as soon as it is presented
(Potter, 1976; Schyns & Oliva, 1994; Castelhano & Henderson, 2007, but must also

Proportion of Interest
Areas Visited

0.8

Age-Matched Controls
Persons with Aphasia

0.75
0.7
0.65
0.6
0.55
0.5
Scene Search

Scene Memory
Task

Figure 4.5 Proportion of visited interest areas for each task and
participant group;; error bars indicate standard error.
decide and plan where to direct the next fixation in the scene (Castelhano & Henderson,
2007). It has been suggested that both of these factors are reflected in the time it takes to
execute the first saccade, and has also been shown to rreflect task differences
(Castelhano et al., 2009). Therefore, to examine whether there were differences across
group and task for elapsed time to first saccade execution, time in milliseconds from the
first fixation of the trial to the initiation of the fi
first
rst saccade was averaged for each group
and task, then entered into a 2 (Task: scene memorization, scene search) x 2 (Group:
Individuals with aphasia, age
age-matched
matched controls) mixed model ANOVA. The results of
this analysis revealed no main effect of task ((p=.106) or group (p=.612)
=.612) and no
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significant interaction (p=.618).
=.618). The mean elapsed time to first saccade execution for
each task and group are listed in Table 4.1, and shown in Figure 4.6.

Elapsed Time to First
Saccade (ms)

300
250

Age-Matched
Matched Controls
Persons with Aphasia

200
150
100
Scene Search

Scene Memory
Task

Figure 4.6. Elapsed time to first saccade for each task and participant
group;; error bars indicate standard error
error.
Table 4.1.. Mean elapsed time to first saccade execution for scene memorization and
scene search.
Mean

Standard Deviation

Scene Memorization
Persons with Aphasia
Age-Matched
Matched Controls

240.20
251.95

55.91
53.33

Scene Search
Persons with Aphasia
Age-Matched
Matched Controls

230.08
232.98

63.64
60.11

Discussion
The purpose of this study was to examine the eye movement patterns of individuals
with aphasia during scene perception. Here, we compared the eye movement patterns of
individuals with aphasia to an age
age-matched
matched group during scene memorization and scene
search. Specifically, this study sought to identify how eye movements change as a
function of task within the same stimulus type. The overall eye movement patterns for
individuals with aphasia during scene perception w
were very similar to the eye movement
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patterns of the age-matched control group. This was evident across all of the eye
movement measures examined here. For fixation duration, none of the ex-Gaussian
distribution revealed a main effect of task or group or significant interactions. The same
results were found for mean saccade amplitude. The lack of a main effect of task was
not unexpected given findings in previous studies (e.g., Castelhano et al., 2009);
however, surprisingly, there was no main effect of group or significant interactions.
That is, we expected that the individuals with aphasia would demonstrate aberrant eye
movement patterns compared to the age-matched control group, but this was not the
case. The elapsed time to first saccade across the scene tasks and groups was similar to
that of fixation duration and saccade amplitude, with no task or group differences. For
the spatial distribution of eye movements across the scenes, the results were slightly
different with significant task differences, more interest areas visited for the scene
search task compared to scene memorization, but again, no differences between the
participant groups. The finding of greater number of visited interest areas for scene
search compared to scene memorization contrasts with Castelhano and colleagues’
(2009), who found that college-aged participants fixated a significantly greater
percentage of the scene in the scene memorization task compared to the visual search
task, although they calculated spatial distribution in a different manner (i.e., applied
circular filters around each fixation and summed the area occupied by circular filters
which represented the total area fixated). The search task in Castelhano and colleagues’
study was slightly different as well. Their participants were instructed to search for a
target object specified for each individual trial (e.g., bucket), which limited the search to
contextually relevant areas of the scene based on the specified search object. In contrast,
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participants in our study searched for the same icon every trial. Because our
participants’ search was not contextually constrained and the icon had an equal
likelihood of appearing anywhere in the scene, our participants fixated more of the
scene during search compared to scene memorization. These methodological
differences could explain why our results differ from those reported by Castelhano and
colleagues’ (2009).
We hypothesized that eye movements during scene perception and scene search
would differ between individuals with aphasia compared to their normal counterparts;
however, the results of the current study did not support our hypothesis. A main effect
of participant group or task by group interaction did not emerge for any of the eye
movement measures examined. These results suggest that persons with aphasia engage
in scene viewing and search in a similar manner as age-matched controls. It is of
particular interest that the age-matched control group did not demonstrate task
differences in elapsed time to first saccade, a finding that contradicts what has been
found in college-aged, neurologically intact individuals (Castelhano et al., 2009). This
suggests that aging may affect elapsed time to first saccade. Overall, these results
indicate that individuals with aphasia demonstrate unimpaired task based differences of
eye movements within the same stimulus type compared to an age-matched control
group. Furthermore, it appears that for the current measures examined, damage to left
hemisphere language areas do not influence eye movement patterns during visual
search.
There are a few potential causes for our null effects for group. First, it may be
that the oculomotor and cognitive mechanisms required to complete the scene tasks in
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this study are unimpaired in this group of individuals with aphasia. Second, the tasks
themselves used in this study, real-world scene memorization and scene search, may not
be sensitive enough to detect differences between the groups. For example, impairment
of visual search in individuals with aphasia has been previously identified in the
embedded figures task (Teuber & Weinsten, 1956), which is a different type of search
task and may arguably be a more difficult search task than real-world scene search in
the present study. It is likely that the type of search task and task demands are critical
components to detecting differences between groups. Perhaps as the search task
demands increase differences in eye movements between individuals with aphasia and
age-matched controls would emerge.
Another explanation for our null results could be related to including all of the
persons with aphasia in the same participant group. Here, the individuals with aphasia
did not differ significantly from the age-matched control group. However, it is possible
that a subgroup of individuals with aphasia, perhaps a specific aphasia subtype with a
specific lesion profile, differs from the age-matched control group. It is well known that
the various aphasia subtypes represent varying underlying brain damage (Naeser &
Hayward, 1978; Hillis, 2007; Kreisler, et al., 2000, Fridriksson et al., 2014), and
therefore it would not be surprising that there may be certain individuals with aphasia
who have more difficulty with visual search or scene perception compared to others.
Future studies may investigate how eye movements during scene perception vary as a
function of aphasia subtype and underlying brain damage.
Scenes coupled with eye tracking have been used in previous studies to
investigate language and cognitive processing (e.g., Dickey et al., 2007; Dickey &
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Thompson, 2009) in individuals with aphasia; however, to our knowledge this is one of
the first studies to examine scene perception and scene search in individuals with
aphasia using eye movements in the absence of language processing. Therefore, there
are several directions for future research to expand the current study. It would be
informative to manipulate task demands of the scene search task to determine if there is
a point when eye movement measures detect differences between individuals with
aphasia and an age-matched group. Furthermore, manipulating low-level perceptual
properties (e.g., brightness, contrast, color, orientation) of scenes during scene
perception may inform questions regarding visual processing in stroke and other brain
injury survivors and suggest optimal properties for scene and picture stimuli
presentation for assessment, treatment and research protocols. While previous studies
have shown in younger, normal individuals similar fixation duration distributions for
full color photographs, full color renderings of scenes, and black and white drawings
(Henderson and Hollingworth, 1998), all which are often used in assessment, treatment
and research protocols, it is unknown how these variations in picture and scene stimuli
may influence visual processing in brain injured populations. Examining if eye
movement parameters during scene perception differ as a function of lesion location can
provide insight into the critical neural structures necessary for the interaction of eye
movement control and scene perception. Lastly, when improved understanding of how
individuals with aphasia perceive scenes in the absence of language processing is
obtained we can systematically add cognitive-linguistic tasks to scenes and use eye
movements to measure cognitive-linguistic processing in individuals with aphasia.
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The results of this study have implications to future work in stroke recovery and
eye movement research. Importantly, individuals with aphasia in the chronic phase of
recovery appear to respond to task demands within the same stimulus type in a similar
manner to an age-matched control group based on the eye movement measures used in
this study. Based on the current findings, future studies that rely on eye tracking to
measure cognitive-linguistic processing during scene viewing by individuals with
aphasia may proceed with the assumption that scene viewing is not significantly
impaired compared to the age-matched control population. However, it is important to
consider that this is one of the first studies of this kind and there are several aspects of
visual processing, scene perception, and oculomotor control that have yet to examined
in individuals with aphasia.
Summary
The current study used global eye movement measures to examine real-world
scene perception and search in individuals with aphasia compared to an age-matched
control group. The results suggest that scene perception in the absence of explicit
language processing in individuals with aphasia is intact. Furthermore, our findings
indicate aging may affect eye movements during scene perception, as the age-matched
control group in the present study performed differently than college-aged, normal
individuals in previous studies.
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Chapter 5
Overall Discussion

Summary of Project Purpose and Methods
The primary purpose of this project was to characterize the eye movements of
individuals with aphasia during reading and scene viewing, using eye movement
measures that have been well documented in the eye movement literature. Specifically,
we 1) characterized the extent to which individuals with aphasia modulate their eyemovement behaviors using global measures of saccade amplitude and fixation duration
across scene memorization, scene search, text-reading, and pseudo-reading tasks (Study
1); 2) investigated the associations between oculomotor control, linguistic processing,
and eye movements in individuals with aphasia and concomitant alexia during
connected text-reading and pseudo-reading (Study 2); and 3) examined the eye
movement patterns of individuals with aphasia during scene perception, specifically
how the eye movements change as a function of task within the same stimulus type, and
if damage to the left hemisphere influences eye movement patterns during scene (Study
3).
Summary of Project Findings
Study 1 found that individuals with aphasia and age-matched controls
demonstrated modulation of eye movements across tasks, measured by fixation duration
and saccade amplitude; however, there was a clear lack of group effects between
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individuals with aphasia and age-matched controls. Persons with aphasia also
demonstrated associations across eye movement measures and tasks that have been
previously reported in the literature (Andrews and Coppola, 1999; Rayner, 2006;
Henderson and Luke, 2014). The group analyses included in Study 2 revealed that
individuals with aphasia demonstrate eye movement patterns that are characteristic of
oculomotor and linguistic deficits, as well as eye movement patterns that did not differ
from the age-matched group. Four separate case studies included in Study 2 revealed
that persons with phonological-deep alexia demonstrated significant differences in eye
movement measures compared to the age-matched group, although with varying
degrees, compared to the age-matched control group. A single person who was
diagnosed with surface alexia did not differ from the age-matched control group on any
of the eye movement measures examined in the current study. The results from Study 3
indicated that eye movements during scene perception in the absence of explicit
language processing are not impaired in individuals with aphasia. Overall, the key
findings from our three studies are as follows:
•

Group analyses using global eye movement measures, fixation duration and
saccade amplitude, indicate eye movement patterns and associations across
measures and tasks for individuals with aphasia are similar to neurologically
intact, age-matched controls.

•

Group analyses using local eye movement measures for reading tasks, such as
regression frequency and word skipping, indicate eye movement patterns that
were similar to neurologically intact, age-matched controls, but also eye
movement patterns that differed from age-matched controls.
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•

Case studies of individual participants suggested that persons with
phonological-deep alexia demonstrate significant differences in eye movement
measures compared to the age-matched group, whereas one individual with
surface alexia did not differ from the control group.

•

Scene perception measured by fixation duration and saccade amplitude, spatial
distribution of eye movements, and elapsed time to first saccade for scene
memorization and scene search tasks is intact in individuals with aphasia
compared to age-matched controls for real-world indoor and outdoor scenes.

Implications and Contributions
The results of the studies described have important implications to future work
on stroke recovery and eye movement research. First, a consistent finding that eye
movements tend to be similar in persons with aphasia and their normal age-matched
counterparts suggests that either 1) the neural mechanisms required to execute the eye
movements and tasks are intact in persons with aphasia, or 2) the eye movement
measures that revealed no group differences are not sensitive enough to detect
differences between the groups. Secondly, for measures that differed across the two
participant groups – persons with aphasia vs. control participants - the implication is 1)
that oculomotor and linguistic deficits are present and impacting eye movements, 2)
these eye movement measures have enough sensitivity to detect differences between
groups, and 3) there may be sub-mechanisms that are impaired and are detected by the
more specific eye movement measures, which are not detected with the global, less
sensitive eye movement parameters. Lastly, the differential patterns of eye movements
within and across alexia subtypes implies that the underlying neurological damage,
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which is inherently different for each individual with aphasia and acquired alexia, is
likely a critical factor contributing to eye movement patterns.
The studies reported here are important for understanding eye movement control
in persons with aphasia and could potentially have implications for understanding
stroke recovery. First, we have provided a general characterization of eye movement
patterns for individuals with aphasia in the chronic phase of recovery across reading and
scene viewing tasks. We have demonstrated that for global eye movement measures like
fixation duration and saccade amplitude individuals with aphasia appear to occur in a
relatively predictable and stable manner, whereas more specific eye movement
measures tend to be less predictable. Second, it appears that some eye movement
measures are more sensitive to group and task differences than others. For example,
mean fixation durations tended not to be different across tasks and groups whereas other
measures such as mean number of words fixated or frequency of regressions were more
likely to differ across tasks and groups. This may provide guidance for future research
on selecting eye movement measures that will be sensitive to detecting group
differences. Third, based on our findings, it is reasonable to suggest that most persons
with aphasia do not tend to have impaired oculomotor control during scenes or picture
viewing. Nonetheless, it is important to consider that our studies are the first of their
kind and there are several aspects of visual processing, scene perception, and
oculomotor control that have yet to examined in individuals with aphasia. Lastly, the
results of these studies contribute to models of eye movements during reading and scene
perception. For example, our finding that both individuals with aphasia and agematched controls demonstrated strong associations for fixation duration across all the
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tasks is consistent with the view of a common control system for determining when the
eyes move during viewing tasks. This supports the CRISP model of eye movement
control that proposes fixation durations across tasks are controlled by a set of common
processes (Nuthmann & Henderson, 2012; Nuthmann et al., 2010).
Limitations
Our research showed that the group of individuals with aphasia have similar eye
movement patterns compared to the age-matched controls for some eye movement
measures, a finding that we attribute to unimpaired mechanisms that support eye
movement control. However, it is important to note that some inherent limitations may
have contributed to the multiple null effects. For methodological reasons, the group of
aphasic individuals included here was limited to individuals with mild to moderately
severe aphasia. We wanted to ensure our participants would have language
comprehension abilities adequate to understand the instructions to complete each task
and to undergo the eye tracking calibration procedures; however, this limited our study
sample to individuals with more intact language and reading skills, and overall less
severe impairments. This may explain why the group of individuals with aphasia
demonstrated, for some measures, eye movement patterns similar to age-matched
controls. We cannot guarantee that a study sample including participants with more
severe aphasia would have yielded similar null results.
To provide a first account and general characterization of eye movement
patterns across tasks and stimulus types, we chose to compare a group of individuals
with varying types of aphasia to an age-matched group as opposed to separately
examining aphasia subtypes; however, in doing so we may have lost some sensitivity to
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detect possible group differences. It is well known that the various aphasia subtypes
represent varying underlying brain damage (Naeser & Hayward, 1978; Hillis, 2007;
Kreisler, et al., 2000, Fridriksson et al., 2014), and therefore it would not be surprising
that there are certain individuals with aphasia who have oculomotor control deficits or
more difficulty with visual search, scene perception, and particularly reading compared
to others. Importantly, however, while the group analyses fail to capture individual
differences, the overall results reported here provided directions for future research.
Future Directions
The studies conducted in this project are the first of their kind and provide only
a glimpse into the functioning of the oculomotor system and its interaction with
cognitive and linguistic processing in individuals with aphasia. Therefore, future studies
in this area could take several different directions. An examination of specific lesion
locations and/or specific aphasia profiles with larger participant samples would provide
additional insight into the critical neural regions necessary for oculomotor and linguistic
mechanisms involved in scene perception and reading. This would be particularly
interesting for persons with phonological-deep alexia whose performance differed
significantly from the control group or persons with lesion profiles that may be more
indicative of oculomotor deficits (e.g., individuals with lesions affecting areas such as
the frontal or parietal eye fields).
Manipulation of low-level features both in reading and scene perception would
provide insight into the integrity of neural mechanism responsible for visual-perceptual
processing in individuals with aphasia. Differences in eye movements in response to
changes in perceptual level features of the stimuli could be associated with deficits in
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early perceptual processing due to damage to critical neural structures. Alternatively,
changes in perceptual level features could facilitate a benefit to processing, where the
manipulation of the perceptual feature is exploited by intact neural structures. In
reading, systematically changing the font, size, and spacing of the text might inform
development of compensatory strategies by indicating optimal text presentation for
persons with aphasia; this would likely impact individuals with aphasia differentially
depending on their level of impairment. While the results of the current project suggest
persons with aphasia do not differ in scene perception from their age-matched
counterparts, this is one of the first projects of this kind. It is important to consider there
are many aspects of scene perception that have yet to examined in individuals with
aphasia. Thus, investigating eye movements in response to systematic changes in
brightness, contrast, color, and orientation of scenes may reveal group differences in
eye movements, and potentially provide an indication of optimal properties for scene
and picture stimuli presentation for assessment, treatment and research protocols.
Furthermore, the paradigms implemented in the current project as well as these
extensions for future research may inform questions regarding visual processing in
stroke (e.g., persons with hemianopsia or visual neglect) and other brain injury
survivors that were not represented in the participant sample here.
The research reported here included a visual screening to determine general
visual functioning for study inclusion of the individuals with aphasia. Future studies
may consider incorporating visual screening results as a predictor of eye movement
patterns as doing so would allow us to examine the relationship between overall visual
functioning and eye movement patterns across various tasks. In addition, it would be
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informative to examine whether eye movement measures that isolate oculomotor
functioning (e.g., initial landing position in words during pseudo-reading) could predict
eye movement behavior during tasks that involve linguistic processing. We would
expect that oculomotor impairment, if present, would account for a portion of the
variance in eye movements during linguistic processing. How much of this variance is
attributable to oculomotor functioning as opposed to linguistic deficits in individuals
with aphasia is unclear. To further isolate and examine oculomotor functioning in
individuals with aphasia future studies could examine performance on the anti-saccade
task, which is a classic task of oculomotor control that requires participants to inhibit a
saccade to a target and instead make a voluntary saccade to the opposite location
(Jamadar et al., 2013). The anti-saccade task has been studied extensively as a
biomarker for psychiatric and neurological disorders and could serve as an additional
measure oculomotor processing while controlling for linguistic processes in individuals
with aphasia (Pierrot-Deseilligny et al., 2004; Hutton, 2008; McDowell et al., 2008).
It is worth noting that several typical eye movement measures were not included
in the current project that have been used to examine reading and scene perception in
neurologically intact individuals and in persons with psychiatric or neurological
disorders (e.g., schizophrenia, dementia). Given that our results indicated there are some
eye movement measures that are more sensitive to differences across individuals with
aphasia and the age-matched control group as well as across our tasks, it would be
sensible to replicate the current studies but use additional eye movement measures that
have also been well documented in the literature. These measures may include saccade
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acceleration and velocity, pupil diameter, accuracy measures, dwell time or number of
returns to interest areas for scene search and scene memorization.
In regard to the normal control group included in the current study, a few results
differed compared to the college-aged, neurologically intact individuals reported in
several previous studies. A possible extension of the current work would examine
whether eye movements change as a function of age. This line of research could focus
on what specific eye movement measures are sensitive to this change, and whether the
change in eye movements is related to oculomotor or cognitive-linguistic functioning.
Conclusions
A characterization of eye movements for individuals with aphasia and agematched controls has been provided by the three studies in this project. The findings of
these studies have raised additional questions about the eye movement behavior of
individuals with aphasia and how eye movements may vary as a function of the normal
aging process. Our research has important implications for clinicians and researchers
interested in using eye tracking as a measure of cognitive and language processing in
individuals with aphasia and contributes to eye movement research. Furthermore, it
underscores the need for future studies to further detail the oculomotor functioning of
individuals with aphasia, and how eye movements can be used to inform questions
about the cognitive-linguistic processing in this population.

165

References
Fridriksson, J., Fillmore, P., Guo, D., & Rorden, C. (2014). Chronic Broca's aphasia is ]
caused by damage to Broca's and Wernicke's areas. Cerebral Cortex, bhu152.
Hillis, A. E. (2007). Aphasia Progress in the last quarter of a century.
Neurology, 69(2), 200-213.
Hutton, S.B. Cognitive control of saccadic eye movements. Brain Cognition. 2008;
68(3): 327-340.
Jamadar, S.D., Fielding, J., and Egan, G.F. Quantitative meta-analysis of fMRI and PET
studies reveals consistent activation in fronto-striatal-parietal regions and
cerebellum during antisaccades and prosaccades. Frontiers in psychology. 2013:
4.
Kreisler, A., Godefroy, O., Delmaire, C., Debachy, B., Leclercq, M., Pruvo,
J. P., & Leys, D. (2000). The anatomy of aphasia revisited. Neurology, 54(5),
1117-1123.
McDowell, J.E., Dyckman, K.A., Austin, B.P., and Clementz, B.A. Neurophysiology
and neuroanatomy of reflexive and volitional saccades: evidence from studies of
humans. Brain Cognition. 2008; 68(3): 255-270.
Naeser, M. A., & Hayward, R. W. (1978). Lesion localization in aphasia
with cranial computed tomography and the Boston Diagnostic Aphasia Exam.
Neurology, 28(6), 545-545.

166

Nuthmann, A., & Henderson, J. M. (2012). Using CRISP to model global characteristics
of fixation durations in scene viewing and reading with a common mechanism.
Visual Cognition, 20(4-5), 457-494.
Nuthmann, A., Smith, T. J., Engbert, R., & Henderson, J. M. (2010). CRISP: a
computational model of fixation durations in scene viewing. Psychological
Review, 117(2), 382.
Pierrot-Deseilligny, C., Milea, D., and Müri, R.M. Eye movement control by the cerebral
cortex. Current Opinion of Neurology. 2004; 17(1):17-25.

167

Appendix A. Participant Demographic Information
Table A.1. Participant Demographic Information
Participant
Months
RCBA
Number
Age Gender Post-Onset WAB AQ
Score
1
53
M
58
57.5
74
3
59
M
137
83.2
77
4
61
F
212
86.2
81
5
79
F
37
90.5
93
57
M
47
91.1
68
6
7
38
F
108
98.5
97
57
M
98
59.4
92
8
9
67
M
43
52.7
88
10
56
M
74
72.7
86
11
74
M
37
73.5
83
12
54
F
117
74.8
82
70
F
26
67.2
87
13
14
49
M
34
87.5
94
15
67
M
151
72.6
84
16
58
F
47
49.3
52
17
62
M
63
31.2
NT
67
M
76
93.2
93
18
19
52
M
113
65.1
79
20
51
F
148
43.4
75
21
65
M
15
82.9
93
22
66
M
17
45.2
29
23
61
M
32
90.1
94
24
45
F
63
82.1
96
25
73
F
70
46.9
70
Notes: NT indicates the participant was not tested on this assessment;
WAB-R AQ and RCBA scores are out of 100.
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Appendix B. Type and Frequency of Visual Deficits Based on Screening Measures
Table B.1. Type and frequency of visual deficits based on Visual Activities
Questionnaire, Visual Contrast Sensitivity Test, Amsler Grid, NIHSS Finger Counting,
Line Bisection and Ota Task, and Tumbling E Chart.
Screening Tool
Visual
Activities
Questionnaire

Number of Participants with Positive
Symptoms of Deficit/Failed
Screening (% of sample)
Color Discrimination
5
(22%)

Area of Vision Screened

Glare Disability

15

(65%)

Light/Dark Adaptation

14

(61%)

Acuity/Spatial Vision

17

(74%)

Depth Perception

10

(43%)

Peripheral Vision

10

(43%)

Visual Search

18

(78%)

Visual Processing Speed

17

(74%)

Contrast Sensitivity

21

(91%)

Central Vision

11

(48%)

NIHSS Finger
Counting

Visual Fields

10

(43%)

Line Bisection
& Ota Task

Visual Attention

0

(0%)

Visual Contrast
Sensitivity Test
Amsler Grid

Tumbling E
Chart
Distance Vision
10
(43%)
Note: Percent of the sample is based on 23 participants, as one person was unavailable
to complete the behavioral assessment portion of the study.
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Table B.2. Type and frequency of visual deficits based on the McDowell Vision
Screening Kit.
Screening
Tool
McDowell
Vision
Screening Kit

Area of Vision Screened

Number of Participants with
Positive Symptoms of
Deficit/Failed Screening
(% of sample)

Near Vision

3

(13%)

Color Perception

0

(0%)

Ocular Alignment:
Cover/Uncover Task

0

(0%)

Ocular Motility:
Light Reflex

2

(9%)

Ocular Function:
Pupils

3

(13%)

Scanning

1

(4%)

Shifts in Attention

0

(0%)

Blink Reflex

0

(0%)

Tracking

0

(0%)

Convergence

0

(0%)

Visual Fields

7

(30%)

Conjugate Gaze

0

(0%)

Accommodation

1

(13%)

Nystagmus
0
(0%)
Note: Percent of the sample is based on 23 participants, as one person was
unavailable to complete the behavioral assessment portion of the study.
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Appendix C. Scores on Psycholinguistic Assessment of Language Processing in Aphasia (PALPA) Subtests
Table C.1. Subtest 31: Imageability X Frequency
Chi Square /Fisher Exact Test
Significance Value
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High
Low
Participant Imageability
Imageability
1
36
21
3
37
20
4
40
38
40
40
5
6
32
8
7
40
40
8
40
40
10
40
37
11
27
25
12
37
30
13
40
35
14
39
40
15
39
38
16
8
2
17
0
0
18
39
38
19
27
15
20
14
0
21
38
38
22
0
0
23
38
30
24
40
40
25
37
30
Note: Bold values indicate significance at p<.05

High
Frequency
31
34
39
40
22
40
40
39
27
34
37
39
39
7
0
39
24
8
39
0
35
40
37

Low
Frequency
26
23
39
40
18
40
40
38
25
33
38
40
38
3
0
38
18
6
37
0
33
39
30

Imageability
<.001
<.001
0.49
1.00
<.001
1.00
1.00
0.24
0.64
0.07
0.05
1.00
1.00
0.09
1.00
0.56
<.001
<.001
1.00
1.00
0.03
1.00
0.07

Frequency
0.22
0.03
1.00
1.00
0.37
1.00
1.00
1.00
0.64
0.76
1.00
1.00
1.00
0.31
1.00
0.56
0.18
0.76
0.62
1.00
0.75
1.00
0.07

Table C.2. Subtest 32: Word Class

Participant
Nouns
Verbs Adjectives Functors Mean of All Word Classes
1
16
15
15
10
14
3
11
14
16
11
13
4
20
20
17
17
18.5
5
20
20
20
19
19.75
6
10
6
15
8
9.75
7
20
20
20
20
20
8
19
18
18
19
18.5
10
17
19
17
13
16.5
11
14
13
17
13
14.25
12
17
14
16
10
14.25
13
16
19
18
18
17.75
14
20
20
20
18
19.5
15
20
19
20
17
19
16
0
1
0
1
0.5
17
0
0
0
0
0
18
20
19
20
20
19.75
19
9
8
13
6
9
20
2
1
0
0
0.75
21
17
19
16
16
17
22
0
0
0
1
0.25
23
16
15
14
17
15.5
24
19
20
19
20
19.5
25
17
19
17
16
17.25
Note: To determine if there was an effect of word class, performance across all word
classes was averaged then compared to the average performance across all word classes
for the normative sample. Participants whose mean performance fell 2 standard
deviations below the mean of the normative sample were identified as having an effect
of word class. These are shown in bold.
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Table C.3. Subtest 34: Morphological Structure
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Chi Sq/
Control Fisher’s
Participant Regular Regular
Exact
Derived
1
5
10
0.14
11
3
10
7
0.08
10
4
15
13
0.48
13
5
15
15
1.00
15
4
3
1.00
4
6
7
15
15
1.00
15
8
14
15
1.00
13
10
13
13
1.00
12
11
9
7
0.18
10
12
5
10
0.07
10
13
13
1.00
14
13
14
15
15
1.00
15
15
12
12
1.00
14
16
2
1
1.00
0
17
0
0
1.00
0
14
13
1.00
13
18
19
11
11
1.00
6
20
4
3
1.00
4
21
13
11
0.65
15
22
1
0
1.00
0
13
10
0.39
15
23
24
15
15
1.00
15
25
14
12
0.60
12
Note: Bold values indicate significance at p<.05

Control
Derived
13
10
14
15
3
15
15
15
11
11
14
14
14
1
0
14
10
1
15
0
15
15
9

Chi Sq/
Fisher’s
Exact
0.65
1.00
1.00
1.00
1.00
1.00
0.48
0.22
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.14
0.33
1.00
1.00
1.00
1.00
0.43

Inflected
10
4
11
14
3
15
13
13
8
7
10
13
14
3
0
14
14
2
11
0
11
14
14

Control
Inflected
13
8
13
15
8
15
14
14
10
12
13
13
15
0
0
14
11
2
14
0
14
15
14

Chi Sq/
Fisher’s
Exact
0.39
0.26
0.65
1.00
0.13
1.00
1.00
1.00
0.45
0.13
0.39
1.00
1.00
0.22
1.00
1.00
0.33
1.00
0.33
1.00
0.33
1.00
1.00

Table C.4. Subtest 35: Spelling Regularity

Participant
Regular
Irregular
1
28
24
3
19
19
4
29
29
5
30
30
6
16
13
7
30
30
8
27
29
10
24
25
11
22
11
12
23
25
13
29
29
27
29
14
15
28
30
4
5
16
17
0
0
18
29
22
19
16
20
20
3
4
24
28
21
22
1
0
23
25
25
24
29
29
25
25
22
Note: Bold values indicate significance at p<.05
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Chi Square /Fisher Exact Test
Significance Values
0.25
1.00
1.00
1.00
0.44
1.00
0.61
0.74
<0.001
0.52
1.00
0.61
0.49
1.00
1.00
0.03
0.29
1.00
0.25
1.00
1.00
1.00
0.35

Table. C.5. Subtest 36: Pronounceable Pseudo-words
Participant
# Correct out of 24
1
3
3
1
4
5
5
14
6
2
7
18
8
9
10
0
11
9
12
1
13
9
14
16
15
1
16
1
17
1
18
18
19
1
20
0
21
15
22
0
23
11
24
13
25
21
Note: Participants whose performance fell 2 standard deviations below the
mean of the normative sample were identified as being impaired. The
individual’s scores are indicated in bold.
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Table C.6. Subtest 38: Defined Homophones

Participant
Regular
Irregular
1
10
9
3
6
4
4
9
10
5
9
10
6
4
3
7
10
10
8
10
7
10
9
10
11
10
10
12
9
10
13
10
10
10
10
14
15
10
10
16
2
1
17
10
8
18
9
8
4
5
19
20
6
9
21
10
10
22
4
1
23
10
9
10
10
24
25
9
9
Note: Bold values indicate significance at p<.05
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Chi Square /Fisher Exact Test
Significance Values
1.00
0.65
1.00
1.00
1.00
1.00
0.21
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.47
1.00
1.00
0.30
1.00
0.30
1.00
1.00
1.00

Appendix D. Persons with Alexia Compared to Age-Matched Control Group for
Text-Reading and Pseudo-Reading
Table D.1a. Mean Fixation Duration for Text-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia
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Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
219.74
Mean

SD
32.03
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

198.04
215.82
199.95

76.83
99.23
93.17

-0.66
-0.12
-0.61

0.26
0.45
0.28

-0.67
-0.12
-0.62

-1.12 to -0.23
-0.52 to 0.28
-1.05 to -0.18

25.67
45.28
27.54

13.21 to 41.04
30.06 to 61.05
14.69 to 43.07

227.46

102.57

0.24

0.41

0.24

-0.17 to 0.65

59.23

43.35 to 74.04

Table D.1b. Mean Fixation Duration for Pseudo-Reading
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia
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Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
235.41
Mean

SD
26.79
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

197.85
199.73
266.48

76.41
69.96
351.55

-1.37
-1.31
1.14

0.09
0.10
0.13

-0.14
-1.33
1.16

-1.96 to -0.83
-1.88 to -0.77
0.63 to 1.67

9.14
10.24
86.62

2.49 to 20.42
3.02 to 22.05
73.62 to 95.28

244.07

110.53

0.31

0.38

0.32

-0.09 to 0.73

61.91

46.01 to 76.42

Table D.2 Saccade Amplitude for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia
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Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
4.60
Mean

SD
4.65
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

4.26
4.75
3.85

3.70
4.13
3.68

-0.07
0.03
-0.16

0.47
0.49
0.44

47.18
51.25
43.79

31.81 to 62.87
35.63 to 66.72
28.70 to 59.61

-0.07
0.03
-0.16

-0.47 to 0.33
-0.37 to 0.43
-0.56 to 0.24

3.97

4.34

-0.13

0.45

44.78

29.60 to 60.562

-0.14

-0.54 to 0.27

Mean
4.95

SD
4.80

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

4.26
6.06
2.29

3.79
4.90
2.88

-0.14
0.23
-0.54

0.45
0.41
0.30

44.46
58.86
29.62

29.31 to 60.26
42.99 to 73.71
16.37 to 45.29

-0.14
0.23
-0.55

-0.54 to 0.26
-0.18 to 0.64
-0.98 to -0.12

5.07

5.12

0.02

0.49

50.97

35.37 to 66.45

0.03

-0.38 to 0.43

Table D.3. Mean Number of Fixations for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia
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Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
18.21
Mean

SD
11.23
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

18.45
11.55
18.45

10.90
8.99
10.90

0.02
-0.58
0.02

0.49
0.28
0.49

50.83
28.34
50.83

35.24 to 66.32
15.33 to 43.93
35.24 to 66.32

0.02
-0.59
0.02

-0.38 to 0.42
-1.02 to -0.15
-0.38 to 0.42

13.70

9.41

-0.39

0.35

34.88

20.78 to 50.75

-0.40

-0.81 to 0.02

Mean
29.86

SD
6.35

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

35.18
22.41
12.62

4.19
7.45
6.79

0.82
-1.15
-2.66

0.21
0.13
0.01

78.99
13.11
0.70

64.21 to 90.29
4.56 to 26.03
0.017 to 3.35

0.84
-1.17
-2.72

0.36 to 1.30
-1.69 to -0.64
-3.58 to -1.83

31.50

5.27

0.25

0.40

59.88

43.99 to 74.62

0.26

-0.15 to 0.66

Table D.4. Mean Number of Fixated Words for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia
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Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
14.55
Mean

SD
9.01
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

18.82
8.69
7.89

9.45
6.69
4.93

0.14
-0.64
-0.72

0.45
0.27
0.24

55.43
26.51
23.81

39.64 to 70.59
13.87 to 41.96
11.79 to 38.98

0.14
-0.65
-0.74

-0.26 to 0.54
-1.09 to -0.20
-1.19 to -0.28

9.56

6.55

-0.54

0.30

29.63

16.37 to 45.30

-0.55

-0.98 to -0.12

Mean
23.43

SD
4.87

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

30.5
18.56
9.09

3.04
5.85
4.00

1.42
-0.98
-2.89

0.08
0.17
<0.01

91.58
16.87
0.42

80.68 to 97.84
6.87 to 30.85
0.01 to 2.26

1.45
-1.00
-2.95

0.87 to 2.02
-1.49 to -0.50
-3.87 to -2.00

23.56

3.89

0.03

0.49

51.03

35.43 to 66.52

0.03

-0.37 to 0.43

Table D.5. Regression Amplitude for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia
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Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
4.04
Mean

SD
2.02
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

7.45
4.70
4.19

2.44
1.82
1.02

1.65
0.32
0.07

0.06
0.38
0.47

94.41
62.41
52.87

85.36 to 98.95
46.51 to 76.86
37.18 to 68.23

1.69
0.33
0.07

1.05 to 2.31
-0.09 to 0.73
-0.33 to 0.47

4.16

1.77

0.06

0.48

52.30

36.63 to 67.70

0.06

-0.34 to 0.46

Mean
3.82

SD
1.61

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

5.39
3.51
2.33

1.57
1.21
0.96

0.96
-0.19
-0.91

0.17
0.43
0.19

82.54
42.60
18.70

68.42 to 92.74
27.61 to 58.45
8.09 to 33.07

0.98
-0.19
-0.93

0.48 to 1.46
-0.59 to 0.21
-1.40 to -0.44

3.21

1.72

-0.37

0.36

35.69

21.49 to 51.58

-0.38

-0.79 to 0.04

Table D.6. Regression Frequency for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia

183

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
0.12
Mean

SD
0.05
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.17
0.17
0.25

0.06
0.046
0.057

0.98
0.98
2.55

0.17
0.17
0.01

83.13
83.13
99.10

69.15 to 93.13
69.15 to 93.13
95.96 to 99.97

1.00
1.00
2.60

0.50 to 1.49
0.50 to 1.49
1.75 to 3.44

0.16

0.053

0.78

0.22

77.94

63.01 to 89.52

0.80

0.33 to 1.26

Mean
0.10

SD
0.05

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.22
0.16
0.25

0.02
0.06
0.068

2.35
1.18
2.94

0.01
0.13
<0.01

98.62
87.41
99.63

94.48 to 99.93
74.68 to 95.73
97.95 to 100.00

2.40
1.20
3.00

1.60 to 3.19
0.66 to 1.72
2.04 to 3.94

0.12

0.04

0.39

0.35

65.06

49.19 to 79.17

0.40

-0.02 to 0.81

Table D.7. Initial Landing Position at the Beginning of Words for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls

Persons with Alexia

184

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
0.39

Mean

SD
0.08

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.40
0.43
0.35

0.06
0.09
0.14

0.12
0.49
-0.49

0.45
0.31
0.31

54.82
68.56
31.44

39.05 to 70.03
52.79 to 82.13
17.87 to 47.21

0.13
0.50
-0.50

-0.28 to 0.53
0.07 to 0.92
-0.92 to -0.07

0.30

0.09

-1.10

0.14

14.09

5.14 to 27.32

-1.13

-1.63 to -0.60

Mean
0.39

SD
0.05

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.35
0.36
0.35

0.11
0.15
0.17

-0.78
-0.59
-0.78

0.22
0.28
0.22

22.06
28.12
22.06

10.48 to 36.99
15.15 to 43.69
10.48 to 36.99

-0.80
-0.60
-0.80

-1.26 to -0.33
-1.03 to -0.16
-1.26 to -0.33

0.37

0.09

-0.39

0.35

34.94

20.83 to 50.81

-0.40

-0.81 to 0.02

Table D.8. Initial Landing Position in the Middle of Words for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia

185

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
0.33
Mean

SD
0.06
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.29
0.32
0.36

0.07
0.12
0.15

-0.65
-0.16
0.49

0.26
0.44
0.31

26.00
43.59
68.56

13.47 to 41.40
28.51 to 59.41
52.79 to 82.13

-0.67
-0.17
0.50

-1.10 to -0.22
-0.57 to 0.24
0.07 to 0.92

0.41

0.08

1.31

0.10

89.78

77.99 to 96.99

1.33

0.77 to 1.88

Mean
0.32

SD
0.04

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.25
0.35
0.33

0.18
0.13
0.14

-1.72
0.74
0.25

0.05
0.23
0.40

4.99
76.51
59.57

0.85 to 13.57
61.38 to 88.46
43.68 to 74.34

-1.75
0.75
0.25

-2.39 to -1.10
0.29 to 1.20
-0.16 to 0.65

0.36

0.10

0.98

0.17

83.13

69.15 to 93.13

1.00

0.50 to 1.49

Table D.9. Initial Landing Position at the End of Words for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia

186

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
0.27
Mean

SD
0.05
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.31
0.24
0.29

0.08
0.12
0.11

0.78
-0.59
0.39

0.22
0.28
0.35

77.94
28.12
65.06

63.01 to 89.52
15.15 to 43.69
49.19 to 79.17

0.80
-0.60
0.40

0.33 to 1.26
-1.03 to -0.16
-0.02 to 0.81

0.28

0.10

0.20

0.42

57.68

41.83 to 72.64

0.20

-0.21 to 0.60

Mean
0.29

SD
0.04

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.39
0.30
0.33

0.12
0.12
0.18

2.45
0.25
0.98

0.01
0.40
0.17

98.88
59.57
83.13

95.27 to 99.95
43.68 to 74.34
69.15 to 93.13

2.50
0.25
1.00

1.67 to 3.32
-0.16 to 0.65
0.50 to 1.49

0.27

0.11

-0.49

0.31

31.44

17.87 to 47.21

-0.50

-0.92 to -0.07

Table D.10. Skipping of Words of Three or Fewer Letter Spaces for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia

187

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
0.59
Mean

SD
0.11
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.54
0.74
0.80

0.50
0.44
0.40

-0.45
1.34
1.87

0.33
0.10
0.04

33.01
90.27
96.29

19.19 to 48.83
78.70 to 97.23
88.93 to 99.51

-0.46
1.36
1.91

-0.87 to -0.03
0.80 to 1.92
1.22 to 2.58

0.68

0.47

0.80

0.22

78.45

63.59 to 89.90

0.82

0.35 to 1.28

Mean
0.70

SD
0.09

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.68
0.83
0.88

0.47
0.38
0.32

-0.22
1.42
1.96

0.41
0.09
0.03

41.48
91.48
96.89

26.60 to 57.35
80.52 to 97.79
90.19 to 99.65

-0.22
1.44
2.00

-0.63 to -0.19
0.86 to 2.01
1.29 to 2.69

0.73

0.47

0.33

0.37

62.65

46.75 to 77.07

0.33

-0.08 to 0.74

Table D.11. Skipping of Words of Four Letter Spaces for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia

188

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
0.34
Mean

SD
0.11
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.43
0.76
0.75

0.50
0.43
0.44

0.80
3.75
3.65

0.22
<0.01
<0.01

78.45
99.95
99.93

63.59 to 89.90
99.59 to 100.00
99.51 to 100.00

0.82
3.82
3.73

0.35 to 1.28
2.65 to 4.98
2.58 to 4.86

0.34

0.47

0.00

0.50

50.00

34.46 to 65.54

0.00

-0.40 to 0.40

Mean
0.57

SD
0.12

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.58
0.68
0.81

0.50
0.47
0.39

0.08
0.90
1.96

0.47
0.19
0.03

53.22
81.08
96.89

37.51 to 68.55
66.67 to 91.75
90.19 to 99.65

0.08
0.92
2.00

-0.32 to 0.48
0.43 to 1.39
1.29 to 2.69

0.66

0.47

0.74

0.23

76.51

61.38 to 88.46

0.75

0.29 to 1.20

Table D.12. Skipping of Words of Five Letter Spaces for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia

189

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
0.26
Mean

SD
0.11
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.31
0.59
0.65

0.46
0.49
0.48

0.45
2.94
3.47

0.33
<0.01
<0.01

66.99
99.63
99.90

51.17 to 80.81
97.95 to 100.00
99.28 to 100.00

0.46
3.00
3.55

0.03 to 0.87
2.04 to 3.94
2.45 to 4.63

0.28

0.45

0.18

0.43

56.99

41.15 to 72.02

0.18

-0.22 to 0.58

Mean
0.47

SD
0.12

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.49
0.67
0.74

0.50
0.47
0.44

0.16
1.63
2.21

0.44
0.06
0.02

56.41
94.20
98.11

40.59 to 71.49
84.97 to 98.88
93.10 to 99.87

0.17
1.67
2.25

-0.24 to 0.57
1.04 to 2.28
1.48 to 3.00

0.54

0.50

0.57

0.29

71.34

55.73 to 84.42

0.58

0.14 to 1.01

Table D.13. Skipping of Words of Six Letter Spaces for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia

190

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
0.19
Mean

SD
0.01
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.22
0.56
0.59

0.42
0.50
0.49

2.94
36.25
39.19

<0.01
<0.01
<0.01

99.63
100.00
100.00

97.95 to 100.00
100.00 to 100.00
100.00 to 100.00

3.00
37.00
40.00

2.04 to 3.94
26.37 to 47.61
28.51 to 51.47

0.18

0.39

-0.98

0.17

16.87

6.87 to 30.85

-1.00

-1.49 to -0.50

Mean
0.39

SD
0.13

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.32
0.62
0.75

0.47
0.49
0.44

-0.53
1.73
2.71

0.30
0.05
<0.01

30.14
95.18
99.38

16.79 to 45.84
86.76 to 99.20
96.94 to 99.99

-0.54
1.77
2.77

-0.96 to -0.10
1.12 to 2.41
1.87 to 3.65

0.40

0.49

0.08

0.47

52.97

37.27 to 68.32

0.08

-0.33 to 0.48

Table D.14. Skipping of Words of Seven or More Letters Spaces for Text-Reading and Pseudo-Reading
Text-Reading
Group
Age-Matched Controls
Persons with Alexia

191

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S
Pseudo-Reading
Group
Age-Matched Controls
Persons with Alexia

Phonologic-Deep
P11PD3
P22PD2
P3PD1
Surface
P18S

Mean
0.12
Mean

SD
0.08
SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.18
0.50
0.47

0.38
0.50
0.50

0.74
4.65
4.29

0.23
<0.01
<0.01

76.51
99.99
99.99

61.38 to 88.46
99.96 to 100.00
99.87 to 100.00

0.75
4.75
4.38

0.29 to 1.20
3.32 to 6.17
3.05 to 5.69

0.08

0.27

-0.49

0.31

31.44

17.87 to 47.21

-0.50

-0.92 to -0.07

Mean
0.29

SD
0.13

Mean

SD

Significance Test
t

p

Estimated Percentage of
Control Population
Obtaining a Lower Score
Than the Case
Point
(95% CI)

Point

(95% CI)

Estimated Effect Size
(zcc)

0.20
0.48
0.64

0.40
0.50
0.48

-0.68
1.43
2.64

0.25
0.08
<0.01

25.22
91.72
99.26

12.86 to 40.54
80.89 to 97.90
96.53 to 99.98

-0.69
1.46
2.69

-1.13 to -0.24
0.87 to 2.03
1.82 to 3.56

0.31

0.46

0.15

0.44

55.93

40.12 to 71.05

0.15

-0.25 to 0.56

